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Preface

Man soon will be confronted by one of the most serious crises of his existence.
Basically, this crisis is developing because the world’s population is rapidly increasing
at the very time when many of its natural resources have dwindled to a very low
level. The supply-versus-demand problem is made even more serious by another

recent deve10pment Wlthm the last decade agmbbmcmwdmmf—ﬁhﬁ%;‘. HAS BREA)
MWMWWG trernendous Increase

in the per capita demand for Earth resources at virtually every economic level.

The Food and Agriculture Organization of the United Nations has stated that
the production of food will have to be doubled by 1980 and trebled by 2000 to
provide a decent level of nutrition to the world’s people. In recent testimony given
to the U.S. House of Representatives by personnel of the lumber and housing indus-
tries, there was a consensus that 26 million homes must be built in the United States
during the next decade. This represents a construction rate nearly triple that at
present, with a proportionate increase in the demand for lumber and other materials.
Experts from the U.S. Department of Interior have repeatedly warned that the
reserves of copper, lead, zinc, and many other important nonrenewable mineral
resources will be exhausted within the next two or three decades at the estimated
rate of consumption.

In view of such circumstances, we need the wisest possible management of the
Earth’s resources. An important first step leading to such management is that of
obtaining accurate resource inventories, quickly and at frequent intervals.

This report first describes an experiment that sought to determine the extent to
which Earth resources might be monitored by means of periodic inventories made
with the aid of aerial and space photography. It then presents the results obtained
from that experiment in each of several geographic test areas. Special emphasis is
given to vegetation resources for two reasons: (1) their intelligent. management
requires that they be monitored at frequent intervals, and (2) the economic benefits
derivable from such monitoring of vegetation resources are potentially very great.
Following the chapters in which the results obtained in various geographic areas
have been reported, consideration is given to the potential value of such results to
the resource manager. The final chapter summarizes the experimental results, both
quantitatively and qualitatively. Then, on the basis of these results, conclusions are
drawn as to the advantages, limitations, and overall feasibility of monitoring Earth
resources with the aid of aerial and space photography.

The conduct of research leading to the preparation of this report was made possible
through the cooperation of a large number of individuals and institutions. The
timely support of Leonard Jaffe and his staff at NASA Headquarters in Washington,
D.C., made it possible to take advantage, on very short notice, of an unusual oppor-
tunity—that of incorporating the S065 multispectral terrain experiment into the busy
schedule of Apollo 9 activities. Allen L. Grandfield, as project engineer for the
experiment, was completely successful in obtaining the necessary state of readiness
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of a four-camera system and in briefing the Apollo 9 astronauts on the use of this
complex experimental equipment. The three astronauts who took the space
photography were James McDivitt, Dave Scott, and Russ Schweickart. Dr. John
Dornbach, Assistant Chief for Programs at the NASA Manned Spacecraft Center’s
Earth Resources Division, was project scientist and Dr. Paul Lowman, of the NASA
Goddard Space Flight Center, was the principal investigating scientist. The great
success of the Apollo 9 flight, from the photographic standpoint, is attributable in
large measure to the organizational skills of these scientists and to the wisdom of
their “real time” decisions during the flight as to areas that might best be photo-
graphed. The information on orbital path, time over target, and problems of cloud
cover was provided by a highly motivated and indefatigable group of personnel of
the NASA Earth Resources Survey program at the Manned Spacecraft Center in
Houston, under the direction of Dr. Robert O. Piland, Acting Chief of the Earth
Resources Survey program. Three coinvestigators for the experiment (Dr. Phil
Slater of the University of Arizona, Dr. Edward F. Yost of Long Island University,
and Herbert A. Tiedemann of the Manned Spacecraft Center) also provided
valuable information for our report. Personnel of the Infrared and Optical Sensor
Laboratory of the University of Michigan and of Bendix Corp. at Ann Arbor, Mich,,
were highly successful in obtaining supporting data with optical mechanical scanners
at the time of the Apollo 9 overflights. Ground truth provided for the Imperial
Valley area by Harold Greene and other U.S. Department of Agriculture (USDA)
personnel was ably summarized by Norma Spansail of the University of Michigan
and made available for our use. As provided in our NASA contract, we were able
to make funds available to Dr. Charles Poulton and his associates at Oregon State
University to study Apollo 9 photography of range resources in southern Arizona.
Their excellent contribution appears as chapter 5 of this report.

Special acknowledgment is given to Lawrence R. Pettinger for the material he
contributed from his special report entitled “Analysis of Earth Resources on Sequen-
tial High Altitude Multiband Photography,” and for the effort he made integrating
this material with findings from the study of Apollo 9 space photography.

The valuable assistance of these individuals and organizations, together with the
contributions of others too numerous to mention, is hereby gratefully acknowledged.

The work dealt with in this report was funded under the NASA Earth Resources
Survey program. Certain of these funds were provided to the Forestry Remote
Sensing Laboratory at the University of California for the specific purpose of
analyzing multiband photography that was taken by the Apollo 9 astronauts. The
remaining funds were provided under the NASA-USDA Remote Sensing Research
Program and were used to finance work at the Forestry Remote Sensing Laboratory,
the Department of Range Management at Oregon State University, the Pacific
Southwest Forest and Range Experiment Station, and the Rocky Mountain Forest
and Range Experiment Station. The latter two stations are research facilities of
the U.S. Forest Service.

RoeerT N. COLWELL,
Associate Director, Space Sciences Laboratory
Coordinator, NASA-USDA Forestry
Remote Sensing Research Program
BerkELEY, CALIF.
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Introduction

RoBerT N. CoLWELL

There are several reasons why Earth resource
surveys can best be made through the use of air-
craft and spacecraft.

The first of these is clearly implied in the simple
statement that “the face of the land looks to the
sky.” The task of inventorying Earth’s resources is,
first of all, one of delineating boundaries between
one resource characteristic and another. When con-
fined to Earth, man often has great difficulty in
recognizing and delineating these boundaries.

A second reason for using aircraft or spacecraft
is that the broad synoptic view, so essential for the
quick and economical delineation of Earth resource
features, can only be obtained in this way. Vast
areas can be viewed at a single point in both space
and time and hence under relatively uniform
lighting conditions.

The ability of the aircraft or spacecraft to travel
quickly from one camera station to another is a
related advantage of great importance. For ex-
ample, an Earth-orbiting spacecraft can be placed
in a Sun-synchronous orbit such that all portions of
the illuminated hemisphere can be photographed at
the same local Sun time. This capability, which is
to be incorporated in future Earth Resource Tech-
nology satellites, permits even larger areas to be
photographed under nearly uniform lighting con-
ditions, thereby facilitating the photoidentification
of Earth resource features.

Perhaps another advantage of the view obtained
from air or space should be mentioned, even though
it is somewhat corollary to the advantages already
mentioned. Without the ability to view subtle linea-
ments and other patterns simultaneously over a
vast areal extent, the resource analyst might never
become aware of their existence. Often it is only
by his being able to discern each part of the pattern
in relation to all other parts that he is able to dis-
cern the feature and thereby discover important
resources associated with it.

Aerial and space views of the surface of the
Earth frequently can complement each other. The
broad synoptic view obtained with space photog-
raphy can be used to maximum advantage in
drawing boundaries that discriminate one type of
resource feature from another. Then, through a
process known as “multistage sampling,” very-
large-scale aerial photography can be obtained of
small representative areas within each such type in
order to identify it.

CHOICE OF PHOTOGRAPHIC FILMS

On the Apollo 9 mission, simultaneous multiband
photographs of the surface of the Earth were ob-
tained from space. Every type of feature encoun-
tered on the surface of the Earth tends to reflect
and emit radiant energy in distinctive amounts at
specific wavelengths. Consequently, when remote
sensing is done simultaneously in each of several
wavelength bands (a process known as “multiband
sensing,” “multispectral sensing,” and “multiband
spectral reconnaissance”), each type of feature
theoretically becomes identifiable by its multiband
“tone signature” or “‘spectral response pattern.”

It was with this possibility in mind that a special
photographic team held a series of meetings, ex-
tending over more than 2 yr, primarily for the
purpose of selecting the three bands that would be
most useful in a multiband space photography ex-
periment. Consistent with the recommendations of
that team, the three bands used on the Apollo 9
mission in obtaining simultaneous black-and-white
photographs from space were those for exposing the
green, visible red, and near-infrared wavelengths
of radiant energy. The same three wavelength
bands are to be employed on ERTS-A, the first in
a series of Earth Resources Technology Satellites,
which is scheduled to be launched in 1972.

Some investigators, on noting that a color film
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known as “Infrared Ektachrome” contains three
dyes that, in effect, are responsive to the green, red,
and near-infrared wavelength bands, have argued
that this single color film might provide all the
information obtainable from the corresponding
three black-and-white photographs. To evaluate
this argument, a fourth camera, containing In-
frared Ektachrome film, was used on the Apollo 9
mission simultaneously with the three cameras
loaded with black-and-white films. This camera
package (consisting of four Hasselblad cameras
having 80-mm focal lengths and accommodating
70-mm roll films) was designated by the NASA

Photo Team as Scientific Experiment 065 (S065).
(See fig. 1-1.)

Other investigators contended that a conven-
tional color film such as Ektachrome would be
more useful because it would reveal the surface
of the Earth in the normal colors with which men
are accustomed to viewing the landscape. This
“normality” of appearance, it was realized, would
facilitate the recognition of some features that
would have an abnormal appearance on either
Infrared Ektachrome or multiband black-and-
white photography. Hence, several matching
frames of photography also were taken with con-

Ficure 1-1.—Components of the multiband camera system flown on the Apollo 9 mission. In
the top center is the camera mount; left to right below it are the four Hasselblad 70-mm
cameras, and below them the corresponding film magazines and filters. In addition, a
manually controlled switch for activating the shutters simultaneously on all four of these
battery-powered cameras appears in this photograph. Film-filter combinations used in
these four cameras (from left to right) were as follows: Panatomic-X (3400) with a
Wratten 58 (green) filter (Pan-58), Infrared Ektachrome (SO-180) with a Wratten 15
(orange) filter, Panatomic-X (3400) with a Wratten 25A (red) filter (Pan-25A), and
Infrared Aerographic (SO-246) with a Wratten 89B (dark red) filter (IR-89B). For a
view of the assembly as mounted in the Apollo 9 vehicle, see figure 1-2.



ventional Ektachrome film from hand-held Hassel-
blad cameras during the Apollo 9 flight.

Both Ektachrome and Infrared Ektachrome films
are the “subtractive reversal” type in which the dye
responses, when the film is processed, are inversely
proportional to the exposures received by the re-
spective layers or wavelengths. Infrared Ekta-
chrome film has three dyes with wavelength
responses as indicated in table 1-1. The cyan-
coupled dye, which is linked to the infrared-
sensitive layer, produces little or no cyan dye on the
film when viewed on a light table. Instead, the
green and red sensitive layers that are coupled with
the yellow and magenta dyes, respectively, come
through strongly, and this combination makes any-
thing that has high infrared reflectance and rela-
tively low reflectance of visible wavelengths (e.g.,
healthy vegetation) appear reddish on the resulting
positive transparency.

Alternately stated, the reflectance of healthy
vegetation in the green and red portions of the
spectrum is sufficiently 'l!ow to induce a strong re-
sponse by both the yellow and magenta dyes at
the time of processing, but in the infrared part of
the spectrum its reflectance is sufficiently high so
that little response is induced in the cyan dye at
the time of processing. The high concentration of
yellow dye in the processed transparency almost
completely absorbs blue light; furthermore, the
high concentration of magenta dye almost com-
pletely absorbs green light. Consequently, when
the processed transparency is viewed over white
light, healthy vegetation appears red.

Table 1-1 facilitates an understanding both of
the means by which a conventional Ektachrome
film provides true colors in the processed image
and by which an Infrared Ektachrome film pro-
vides certain false colors.

An additional factor governing the relative use-
fulness of Infrared Ektachrome and the corre-
sponding three-band black-and-white photographs
is summarized in table 1-2. The information shown
there was provided by Dr. P. N. Slater, one of the
coinvestigators for the S065 experiment. The table
also shows the spatial resolution capabilities of the
particular lenses that were used in the four-camera
S065 system. In comparing the data of that table
with actual S065 photographic results, we conclude
the following:

3

(1) One of the four cameras used in S065
(camera BB), on the basis of the lens system used,
was potentially capable of providing the sharpest
pictures of all (59.2 line pairs per millimeter when
using a high-contrast target, or 280-ft ground re-
solved distance for low-contrast features on- the
ground). However, in S065 the lens capabilities of
this camera were not fully exploited. Specifically,
camera BB was used to photograph green wave-
lengths of light—the shortest wavelengths used in
the experiment. In accordance with the laws gov-
erning atmospheric scattering, the shorter the
wavelength used in taking aerial or space photo-
graphis, the more troublesome the scattering by
atmospheric-haze particles becomes and the more
blurred the photographic image. Consistent with
this explanation, camera BB produced the least
sharp images of all four cameras.

(2) The two cameras of the four (AA and CC)
that, on the basis of wavelengths exposed for, were
capable of providing the sharpest pictures of all,
likewise were not able to exploit that capability
fully. In these instances, however, it was primarily
because the lenses of the two cameras (like those of
the other two used in the S065 experiment) had
been color corrected so as to take sharp photo-
graphs with visible light when focused at infinity.
When their focal settings had been increased for
the S065 (as necessary to accommodate for infrared
wavelengths), their AWAR capabilities had de-
creased to the values shown in table 1-2. For many
terrain features, including healthy vegetation, there
is higher infrared reflectance than visible-light re-
flectance. This greater “scene brightness” is an
additional factor favoring higher spatial resolution
on infrared photography. However, this factor was
offset by the inherently lower resolving powers of
the two infrared-sensitive films used in S065.

(3) By operating in a spectral zone where scat-
tering by atmospheric-haze particles is only moder-
ately troublesome, and by using a high-resolution
photographic film, camera DD provided the
sharpest photographs of all.

In rebuttal to the Infrared Ektachrome enthu-
siasts, advocates of obtaining three separate black-
and-white photographs have cited the following
theoretical advantages, all of which can now be
evaluated in practical terms because Earth resource
test sites were successfully photographed with both



TaBLE 1-1.—Spectral Responses of Normal Color and Infrared-Sensitive Color Films

Spectral region

Type of film
Blue Green Red Infrared

Normal color film (e.g., Ektachrome):

Normal color film sensitivities_ . _ ________ ... Blue Green Red

Color of dye layers__ e Yellow Magenta Cyan

Resulting color in photographs_ _ . ______ . ____ ... Blue Green Red
Infrared sensitive color film (e.g., Infrared Ekiachrome):

Sensitivities with Wratten 15 yellow filter_ . _ . _____ . __________.___._ ® Green Red Infrared

Color of dye layers__ e Yellow Magenta Cyan

Resulting color in photographs__ __ _____ .. Blue Green Red

& All 3 layers of Infrared Ektachrome film are sensitive to blue light, but the Wratten 15 yellow filter prohibits blue

light from sensitizing any of the 3 layers.

TABLE 1-2.-—Settings and Camera Resolution Characteristics of the S065 System

Camera
designation Film-filter combination Focal setting AWAR* GRD?
AA. . Infrared Ektachrome, Wratten 15._ ______________________ 50 - 33.4 470
BB. . ______ .. Panatomic-X, Wratten 58 . _ ... ____ Infinity_________ 59.2 280
CCo ... Infrared black and white, Wratten 89B__ _________________ X PR 32.2 470
DD .. Panatomic-X, Wratten 25A_ __ .. __________ Infinity_________ 43.1 370

a AWAR is the abbreviation for ““area weighted average
resolution” and in this instance applies to a high-contrast
target. It is expressed in this table in line pairs per milli-
meter for each camera and for the focal setting at which
that camera was operated on the Apollo 9 mission. The
AWAR values werc taken by Keenan and P. N. Slater
(1969).

b GRD is the abbreviation for “ground resolved distance”
and in this instance applies to a low-contrast target. Figures
given are for distance on the ground, in feet, encompassed

the S065 multiband camera system and with hand-
held cameras loaded with Ektachrome film:

(1) When three black-and-white photographs
are obtained simultaneously, but in three separate
wavelength bands (as in S065), each film can be
given optimum exposure. The importance of this
consideration is obvious when we emphasize that
the optimum exposure that was required when
photographing from space with one of the S065
black-and-white photographs (that exposing for
infrared wavelengths) was 1/250 sec at f/16,
whereas that for another of the black-and-white
photographs (that exposing for green wavelengths)
was 1/125 sec at f/4. This represents an exposure
difference in the two bands of five full stops. Con-
sequently, a single color film such as Infrared

by one line pair. For linear feaures of moderately high
contrast the effective GRD values may be better than the
nominal GRD values listed here by a factor of 10 or more.
For example, one-lane roads extending across the desert
are frequently discernible on the Apollo 9 S065 photography,
even though the width of the entire roadway clearing is no
greater than 20 to 30 ft. These GRD values assume a flight
altitude of 200 km (103 n.mi.). The GRD values will appear
in a final report by Keenan and Slater and are included
here by permission of the authors.

Ektachrome that seeks to expose for both of these
bands simultaneously does not lend itself to any
compromise in f-stop and shutter-speed settings
that will provide comparably good exposures.

(2) In the black-and-white three-camera sys-
tem, each lens can be set at optimum focus for the
narrow range of wavelengths used when taking
pictures with it. Again, actual figures are needed
to quantify this potential advantage. In S065, all
cameras used had focal-length calibrations em-
placed by the manufacturer based on the presump-
tion that normal panchromatic film would be used.
Consequently, it was entirely appropriate that a
focal setting of “infinity” be used during the Apollo
9 mission on the cameras that were exposing only
for green and red wavelengths. However, a setting



of 33 ft (instead of infinity) was found to provide
optimum focus for the third Hasselblad camera,
because it was exposing only for relatively long
wavelengths, which are focused at a much different
distance than are the green and red wavelengths.
The fourth camera of the S065 system (the one
using Infrared Ektachrome film) was focused at
50 ft in an effort to obtain the best compromise in
focal settings, because it had to record green, red,
and infrared wavelengths simultaneously.

(3) In the black-and-white three-camera system,
uniformity of color balance can be achieved.
Sequential photography taken with Infrared
Ektachrome film may not yield a consistent color
balance. Consequently, it is difficult for the photo-
interpreter to assign a color code to each type of
Earth resource feature with confidence that the
same hue, value, and chroma characteristics will
be exhibited by that feature each time it is photo-
graphed with Infrared Ektachrome film. Color
combining three separate black-and-white photo-
graphs (i.e., three that separately recorded the same
three wavelength bands as are used in taking an
Infrared Ektachrome photograph) largely over-
comes this difficulty 'because each can be
“normalized” separately.

(4) In the black-and-white three-camera sys-
tem, opportunity is afforded to produce a variety
of “false color” images. When Infrared Ekta-
chrome film has been properly exposed and proc-
essed, it produces false colors that greatly facilitate
the photointerpretation of vegetation. However, if
it were possible to assign a different weight and a
different color to each of the three wavelength
bands to which this film is sensitized, additional
false-color enhancements might be made to facili-
tate the interpretation of certain other Earth re-
source features. These additional false-color en-
hancements can, indeed, be made if the same three
bands have been recorded separately on multiband
black-and-white photographs.

(5) When the black-and-white three-camera
system is used repetitively, sequential photographs
can be color combined and enhanced. Color Plate
7 of this report illustrates the value of color-
combining sequential black-and-white photo-
graphs that were taken with the same film-filter
combination (in this case, Pan-25A). In other
instances, the optimum color coding of Earth re-
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source features may best be achieved by color com-
bining a Pan-25A photograph taken on one date
with an TR-89B photograph taken on another
date. In all such instances the color combining can
be readily accomplished if separate black-and-
white photographs are available, but the task would
be more difficult if only Infrared Ektachrome
photography were available. (By three successive
filterings of an Infrared Ektachrome transparency,
the three dye records it contains can be separated
to produce a multiband set consisting of black-
and-white records.)

PHOTOGRAPHY OBTAINED
FROM APOLLO 9 AND
FROM SUPPORTING AIRCRAFT

In S065, a four-camera system was used. (See
figs. 1-1 to 1-3.) Each of the 70-mm Hasselblad

Figure 1-2.—In this view the multiband camera system
that was flown on the Apollo 9 mission is shown in-
stalled over the hatch window of the vehicle, directly
forward of the middle couch. Vertical photos were ob-
tained by orienting the entire space vehicle in such a
way that the optical axes of all four cameras pointed
toward a nadir point on the surface of the Earth. The
flight-attitude indicator was set to torque at the space-
craft’s orbital rate of about 4 deg/min. The astronaut
piloting the spacecraft followed the attitude indicator
during a photographic run and in this way the space-
craft’s hatch window remained oriented straight down
throughout the run.



Ficure 1-3.—The Apollo 9 vehicle in flight after the
command module (top left) had docked with the lunar
module. The hatch of the command module is open
and the hatch window through which multiband S065
photographs were taken is clearly visible.

cameras comprising the system used a different
combination of photographic film and filter. All
four cameras had their optical axes alined, and
their shutters were triggered simultaneously, so
that the same portion of the Earth’s surface would
appear in all four photographs. The principal areas
photographed were Earth resource test sites in the
United States.

Many of the test sites also were photographed
almost simultaneously from aircraft at altitudes
that ranged from a few hundred feet to approxi-
mately 70000 ft. In addition, special sensing
devices known as “optical mechanical scanners”
were operated from aircraft to permit the nearly
simultaneous sensing of several of the test sites in
a great many wavelength bands of the electro-
magnetic spectrum, including several bands in the
ultraviolet, visible, near-infrared, and thermal-
infrared regions. Finally, in selected portions of
these same sites, both terrestrial photographs and
on-the-ground measurements of radiant energy
emanating from representative Earth resource fea-
tures also were obtained at the time of the over-
flights.

The following S065 photography was obtained
during the Apollo 9 mission:

Orbit 78: U.S. west coast through Tucson, Ariz.,
through El Paso, Tex., to Houston-Galveston, Tex.,
34 exposures in a strip.

Orbit 92: U.S. west coast and Salton Sea, Cali-
fornia, six exposures; Roswell, N. Mex., three ex-
posures; Mississippi River, four exposures.

Orbit 93: Salton Sea, five exposures; Tucson,
nine exposures; Matagorda, Tex., three exposures.

Orbit 109: Amazon Delta, Brazil, three expo-
sures. (It appears that the spacecraft may have
been too far offshore to obtain more than pictures
of the coastal waters.) Toluca, Mexico, volcano,
three exposures. Costa Rica, volcano, three expo-
sures. (Here again, the orbital ground track may
have been too far from the target. As originally
planned, this area was to have been photographed
by the hand-held cameras, but the crew volunteered
to try photographing the area with the S065
equipment, by proper control of the space capsule’s
attitude.)

Ficure 1-4.—This Itek rear-projection viewing equip-
ment was used to examine the 70-mm photography
flown on the Apollo 9 mission. The equipment also
was used to view the 70-mm and 35-mm sequential
photography from each high-altitude mission. Magnifi-
cations up to 20 diameters can be profitably exploited
in viewing this photography. The large screen immedi-
ately to the left of the operator displays one such en-
largement. The operator is shown displaying a second
photograph of the same area, for comparative purposes,
on a smaller viewing screen directly in front of him. It
is possible to display both images at the same scale or,
as in this instance, at different scales. The automatic
focusing capability and automatic film-drive mechanism
of this rear-projection equipment greatly facilitates its
use.



Orbit 120: Austin, Tex., three exposures;
Charleston, S.C., three exposures.

Orbit 121: Colorado River Basin to Tucson,
eight exposures in a strip; Anson-Snider, Tex.,
near Abilene, an agricultural site, three exposures;
Appalachian Mountains, three exposures; and
South Carolina coast, three exposures.

Orbit 136: San Nicolas Island, California,
through San Diego, Calif., to Dallas, Tex., 15 ex-
posures in a strip; Columbus, Ga., out to the Gulf
Stream, seven exposures.

Orbit 137: Barbados Oceanographic and Mete-
orological Experiment (BOMEX) site in the
Caribbean, 33 exposures. (Because there were more
black-and-white film frames in the experiment, the
excess was deliberately programed for the BOMEX
site—which is largely water—after the exhaustion
of the color and black-and-white infrared films
primarily over land sites.)

In addition, a few S065 frames were shot of the
horizon during orbital sunrise and sunset.

Three hand-held Hasselblad cameras loaded
with conventional Ektachrome film also were used
on the Apollo 9 mission to photograph various
“targets of opportunity.” Several exposures taken
with these cameras were of NASA Earth resource
test sites and closely matched those taken with the
S065 four-camera system.

SEQUENTIAL HIGH-ALTITUDE
PHOTOGRAPHY

Long before the launch of Apollo 9, it was
recognized that certain Earth resource features can
best be inventoried through a comparative analysis
of “sequential” space photography (i.e., that taken
repetitively of the same area at suitable time in-
tervals). However, there appeared to be little
likelihood that such photography could be obtained
on future Apollo flights for at least 2 yr. Conse-
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quently, NASA arranged for simulated space pho-
tography to be flown sequentially at monthly
intervals throughout the 1969 growing season,
from aircraft operating at very high altitudes (ap-
proximately 70 000 and 60 000 ft) using a camera
system that would accommodate essentially the
same four film-filter combinations as were being
used on the Apollo 9 S065.

SPECIAL VIEWING EQUIPMENT

For most of the photographs taken by the Apollo
9 astronauts and on sequential high-altitude air-
craft flights, 70-mm film was used. Because of the
small scale of the imagery thus obtained, it is very
important that proper equipment be available for
enlarging and viewing this photography. For-
tunately our group was able to obtain on a loan
basis and at no cost one of the best viewers avail-
able for this purpose, the TItek rear-projection
viewer shown in figure 1-4. This equipment per-
mits two 70-mm rolls of photographs to be viewed
simultaneously.

Several types of color-combining equipment were
used in producing multiband and multidate color
composite photographs. Although the color-
enhanced images produced by these devices could
be viewed directly, color photographs that were
taken of them were used in the tests reported upon
in chapters 3 and 4. The color-enhancing equip-
ment itself is described in chapter 2.
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Additive-Color Image Enhancement—Techniques
and Equipment

JErrY D. LENT

“Image enhancement” has become a popular
term for a number of specialized remote-sensing
techniques designed to help analysts extract useful
information from multiband images. This section
will describe some of these techniques and the
equipment used when implementing them. The
potential usefulness of such techniques for the in-
ventory of Earth resources will be indicated only
in a general way here, but will be illustrated spe-
cifically in other chapters.

The purpose of any form of image enhancement
usually is twofold: (1) to increase the total amount
of information that is derivable from the ‘raw
data” and (2) to facilitate the data extraction
process, diagramed as follows:

RAW DATA
(Photographs or other
images from remote sensors)

N

Conventional photo- Enhancements
interpretation and > of the
analyses raw data
DERIVABLE DERIVABLE
INFORMATION INFORMATION

When additive-color image-enhancement tech-
niques are employed, these objectives usually are
realized by highlighting subtleties in image tones.
Such enhancements can be accomplished by either
optical or electronic means.

BASIC PRINCIPLES
OF THE ADDITIVE-COLOR PROCESS

The additive-color technique for multiple-image
enhancement has been known for many years. Only
recently, however, have certain specific techniques
and equipment been developed that show promise
enough to attract the attention of scientists from a
wide variety of disciplines. The potential usefulness
of some of these new additive-color-process adap-
tations is best appreciated if we first examine an
elementary principle that is illustrated in Color
Plate 1(a). In producing that illustration, three
colored light beams, one red, one blue, and one
green, were projected onto a screen in such a way
that only a small portion of each was allowed to
overlap the other. This particular additive-color-
combination experiment reveals that “new” colors
can be produced in such a manner. On the com-
posite image, sharp color differences and clearly
defined boundaries serve to differentiate three types
of areas: (1) those in which only the original color
beam is present, (2) those in which an additive-
color combination is produced as a result of over-
lapping pairs of beams, and (3) a region in which
the additive-color combinations of all three primary
colored beams results in white light. Many other
color combinations are possible: four-color and
even five-color combinations are also feasible and
might prove useful for certain experiments.

The most common form of additive-color en-
hancement employs an optical “combiner” and
involves the use of a set of black-and-white multi-
band images (transparencies) all showing the same
scene. Each image is projected by means of a light
beam that has a particular hue because a colored
filter is placed in its path. These color images are
then superimposed on the viewing screen to form
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a single color image. The colors thus exhibited on
the composite image are a function of (1) the
image densities on the respective multiband trans-
parencies and (2) the color values of the filters
through which the transparencies are projected.

LIMITATIONS AND ADVANTAGES

There are limitations as well as advantages asso-
ciated with the use of additive-color enhancement
by those who seek to inventory Earth resources
from multiband photography. The main limitations
are in (1) the extent to which certain enhance-
ments can be accomplished, (2) need for special
equipment with which to perform the enhance-
ments, and (3) requirements for special interpreter
training.

The image analyst should not expect miracles
from additive-color enhancement. Enhancements
are usually performed to highlight differences be-
tween multiband images. The mere addition of
various colors (when projecting and superimposing
images that were obtained under identical condi-
tions of time, exposure, and film-filter selection)
does not invariably increase data extraction capa-
bility. If there are no density differences between
the multiple images that are to be studied, there
is not much point in attempting image enhance-
ment. At the other extreme, if density differences
between the multiple images appear to be very
large, there may be no need for enhancement be-
cause of the ease with which such differences can
be discerned without it. Enhancement usually can
prove most useful when the data sources have rela-
tively subtle density differences that may go un-
detected under visual gray-level discrimination.
Optical and electronic enhancements may reveal
these subtle density differences.

To use color-enhancement techniques success-
fully, the image analyst must become familiar with
special equipment. Some of this equipment is costly.
Most of the current elaborate color-enhancement
systems, moreover, are prototypes of systems that
will undoubtedly undergo refinements requiring
further familiarization before they can be readily
used by a skilled image analyst.

Finally, the image analyst must be trained in
the skills of interpreting additive-color-enhanced
images that often exhibit “unconventional” distor-
tion, resolution, and color display characteristics.

Some scenes may be very confusing to the inter-
preter at first, despite their potentially valuable
data content. Numerou$ studies have been con-
ducted on human color visual responses, but rela-
tively little has been done to determine the most
suitable color contrasts for discriminating specific
features as imaged on multiband photography.

The most obvious advantage to be gained from
the use of a color-enhancement technique is the
ability to combine the information (either elec-
tronically or optically) from several images into
one single frame for interpretation purposes. Men-
tally integrating these multiple images may be a
difficult, if not impossible, task for the human mind
unless the images are themselves integrated and
color coded as in the additive-color process. As
previously indicated, this technique facilitates the
recognition not only of spectral differences on
multiband photography taken on a single date, but
also of sequential differences on multidate photog-
raphy taken in a single band. It follows that vari-
ous combinations of spectral and sequential
differences also may be profitably enhanced in
certain instances. As indicated elsewhere in this
report, any differences in the data discernible on
sequential photography ordinarily can be attributed
to actual changes in a feature’s condition or state.
However, this assumes, of course, that the remain-
ing factors affecting the recorded tone signatures
(exposure, processing, etc.) are sufficiently stand-
ardized. Some examples of “sequentially enhanced”
color composites appear in chapter 3.

Electronically controlled additive-color enhance-
ment systems, although considerably more complex
and expensive to develop than optical systems,
offer the image analyst greater flexibility in inter-
preting his data. Very subtle gray-level differences
can be “sliced” and electronically “expanded”;
then digital codes can be ascribed to them for
subsequent analysis. Also by electronic means, dif-
ferent color codes can be assigned to specific input
densities, and color enhancement can be performed
by this means. Similarly, the information recorded
on the individual layers of the color-film emulsion
can be directly coded and redisplayed with different
colors if necessary for enhanced interpretability.
Consequently, greater flexibility of color display
may be possible with electronic than with optical
enhancement systems. The best features of both the



optical and electronic systems can be incorporated
in one piece of equipment by still further develop-
ment, as will presently be ‘described.

IMAGE-ENHANCEMENT SYSTEMS
EMPLOYING COLOR IN THEIR DISPLAYS

The systems to be described first are those with
which the author has had considerable experience.
These systems are believed to represent the cur-
rent state of the art.

Forestry Remote Sensing Laboratory
Optical Color Combiner

An unsophisticated but effective color combiner
used in one form or another by several groups is
exemplified by one at the NASA-USDA Forestry
Remote Sensing Laboratory (FRSL), University
of California, Berkeley. Figure 2-1 diagrams the
technique employed with that equipment in op-
tically combining multiband images and projecting
them through color filters to produce color-
enhanced scenes.

The advantages of this optical system are (1)
its ease of construction and use (the equipment is
inexpensive and readily obtainable, and the en-
hancements are readily performed); (2) the data

/ﬁh/ /
P> |
I |
|2\ N

Q) (2) (3) (4) (5)

Ficure 2-1.—Optical color combiner. The light source is
shown at (1), the multiband images at (2), the optical
train for projection at (3), and the color filters at (4)
through which the images are projected onto a front-

" viewing or rear-viewing screen at (5).
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can be directly interpreted from the screen; and
(3) there is a large selection of available colored
filters, and thus a large number of color combina-
tions with which to experiment.

Limitations are mainly related to the deficiencies
encountered in attempting to use stronger light
sources for more flexibility of color combinations
(since some of the color filters have reduced trans-
mission characteristics when used with low-level
illuminants). There is also the problem of obtain-
ing adequate registration of images for color en-
hancement; slight differences in geometry between
images can cause density combinations that are
confusing to interpret and may lead to errors. In
addition, a problem can result from the use of
uncalibrated data of variable quality. The image
densities to be enhanced must have some deter-
minable, quantitative relationship to the features
they represent; hence, changes in time of day or
date of photography, Sun angle, fitm type, or even
processing procedure can cause shifts that alter
this relationship.

Color Plate 1(b) and (¢) show examples of the
output from this color combiner. The photograph
in (b) showing a portion of the Imperial Valley of
California was produced by registering three black-
and-white transparencies obtained on three sepa-
rate dates: March 8, April 23, and May 21, 1969.
The various color codes are attributed to changes
in tone signature on the transparency between those
dates. Fields in black denote continuously vegetated
fields on all three dates; red to orange denote row
crops that were harvested by the last date; green
to blue denote mowed cover crops; and yellow to
chartreuse denote predominantly bare regions on
all three dates.

Color Plate 1(c), showing 16 sq mi of agricul-
tural cropland near Phoenix, Ariz., is an example
of the FRSL optical system, the system having the
best resolution.

Two other systems (described below) provided
the other examples. The Philco-Ford viewer (Color
Plate 1(¢)) has a finer resolving scanner and
yielded the next best resolution. The image dis-
crimination, enhancement, combination, and
sampling (IDECS) example (Color Plate 1(d))
has the worst resolution, but that system is often of
great value because of the large number of multi-
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band image or sequential images that can be
combined.

University of Kansas Electronic Processing
System

An electronic image-enhancement and correla-
tion system designed and built by personnel at the
CRES Laboratories, University of Kansas, is quite
different from the optical system described above.
This electronic system, IDECS, was designed as a
flexible research tool. Figure 2-2 shows the console
and viewer.

With the IDECS device, image enhancements
can be accomplished either among monochromatic
combinations of multiple images or by additive-
color combinations of them, and the operator may
“level select” for tone or brightness range on one
or more images for purposes of highlighting en-
coded spectral densities. Isodensity enhancement
can be performed and, ultimately, directly ana-
lyzed by online computer software. Input images
to be interpreted can be from different imaging
sensors, of somewhat different geometry (because
“reasonable” linear distortions between images can
be corrected electronically), and can be as large as
3 by 4 in. The output display recording is best per-
formed directly from the viewing screens, but ade-
quate documentation is often possible by photo-
graphing the viewing screens with certain color
films.

Some of the features of IDECS provide inter-
pretation flexibility that optical systems cannot
duplicate; on the other hand, for problems where

Ficure 2-2.—IDECS console and viewer arrangement.
Dalke and Estes (1968) have prepared a complete
technical and operational description of this system.

spatial resolution may be very important, an opti-
cal system usually is superior to the IDECS system.
Where large amounts of multiband imagery must
be analyzed quickly, the IDECS system is far more
efficient than current optical systems. With appro-
priate hardware implementation, far more images
can be effectively combined by this system than by
optical systems. The IDECS system is currently
designed to accommodate six images, but this is
not a limit to the number of images that even-
tually might be simultaneously analyzed by such a
system. An example of output from the IDECS
console viewer appears in Color Plate 1(d).

Philco-Ford Image-Tone Enhancement System

A system that incorporates both optical and
electronic capabilities for enhancement purposes
is the Philco-Ford console viewer shown in figure
2-3. With it, two multiband images can be illumi-
nated by a single source of light for projection and
scanning. Beam-splitting optics provide this fea-
ture, which eliminates any concern for variability
in relative intensities of two or more illumination
sources. This feature also reduces the number of
flying spot scanners that the system requires. The
scanner employed in the Philco-Ford viewer can

resolve a total of approximately 1000 lines, whereas
the IDECS system currently in use employs scan-
ners that can resolve only about 500 lines (the
same number commercial television displays).

Ficure 2-3.—Philco-Ford two-channel color-enhance-
ment console viewer. The viewing aperture (approxi-
mately 5 by 7 in.) is in the dark area to the left of the
console controls. These controls operate the mixing and
digitizing of the two channels of imagery.



A special color wheel used in this system results
in the additive-color mixing of red and green hues.
Sixteen levels of density can be referenced within
each channel and “digitized” for subsequent quan-
tification. The “level select” feature is nominally
linear and can be expanded and contracted as with
the IDECS system; each density level can also be
modified should the image analyst prefer to weigh
its importance in the display. An example of the
output from this console viewer appears in Color
Plate 1(e).

Since the Philco-Ford system presently accom-
modates only two bands of photography at a time,
mention should be made of a means by which its
capability could be improved to accommodate, in
effect, four bands. Let us presume that as many as
six or eight bands of black-and-white photography
have been obtained simultaneously of an area in
which we wish to accomplish multiband image
enhancements with the Philco-Ford device. From
a study of the tonal characteristics on each of these
simultaneous exposures, we are able to select the
four bands on each of which unique tone values
appear for certain Earth resource features. For
image-enhancement purposes all of the remaining
negatives are discarded because, on those discarded,
the tone values for objects that are to be identified
differ the least from tone values of other negatives
in the series. The remaining four are paired off to
constitute two pairs of negatives.

Obviously, if the two negatives of a pair ex-
hibited exactly the same tone characteristics, there
would be no gain from using the two of them in-
stead of merely one. Since it is therefore the differ-
ences in tone between the two members of a pair
that are most likely to lead to the correct identifi-
cation of objects, the negative transparency of one
member of each pair is superimposed on a positive
transparency that has been made from the other
member of the pair. When the two transparencies
are in proper register and light is directed through
them, the bright images of one transparency are
exactly offset by the dark images of the other
transparency, except for objects having differences
in reflectance in the two spectral bands that were
used in obtaining the two spectrozonal photographs.

Exploiting only these differences, a composite
black-and-white negative is made from each of the
two matched pairs. The two resulting composite
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Ficure 2-4.—The viewer portion of the Long Island
University multispectral enhancement system. Controls
for increased color saturation and brightness as well as
color selection are readily accessible. The viewing
screen is approximately 4 by 9 in. The complete system
is designed to operate most effectively with a special
four-lens camera, not shown here. The optics of the
camera are matched to the optics of the viewer such
that a 9-in. reel of aerial film can be accurately regis-
tered in a minimum of time.

negatives thus highlight differences in light reflec-
tance in a total of four spectral zones. These two
composite negatives (or positive transparencies
made from them) could then be used in the Philco-
Ford device. While a similar process could be used
in either the FRSL optical combiner or the IDECS
system, the need is not so great because they can
accept a larger number of original multiband
transparencies as direct inputs.

Other Systems

A few other systems warrant mention here be-
cause of their unique capabilities. The Long Island
University multispectral camera-viewer console is
shown in figure 2-4. This system is designed to
minimize registration problems from which most
optical systems suffer. Still another type of multi-
band image-enhancement system is exemplified by
equipment designed by Technical Operations, Inc.
(Tech/Ops), of Burlington, Mass. This optical
enhancement system enables color-image retrieval
from a single emulsion plane. Through a novel
“camera” design that incorporates specially
ground gratings (spatial carriers) of extremely
fine resolution, a number of multiband exposures
can be placed on the same emulsion plane and
later retrieved and colors assigned for display
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purposes. The console viewer for this system is
illustrated in figure 2-5. The problem of registra-
tion is eliminated with such a device. The camera
can be used either to record single images of many
different scenes or, for multiband work, it can be
filtered with the gratings in such a way as to record
multiple images of a single scene, each in a different
wavelength band.

Scientists in many laboratories are experimenting
with devices and techniques that closely resemble
those described here. RCA, General Electric, and
Hycon, for instance, have developed very sophis-
ticated color-enhancement systems. A few “hybrid”
optical systems similar to the FRSL apparatus also
can be found in various research laboratories. Some
employ a 3%- by 4-in. image format, whereas
others employ 35-mm transparencies. At present all
of these devices or systems can be regarded basically
as research tools. Electronic systems that automate
the enhancement procedure may eventually give
interpreters online computing capability.

PRACTICAL APPLICATIONS

At present, research is underway to refine and
standardize additive-color enhancement techniques
to the extent that predictable, consistent results
can be obtained from future experiments designed
to inventory Earth resources. Once the technical
problems have been solved with respect to (1)
which wavelength bands are most useful for each
particular terrain feature of interest (and surely
there will be different recommendations for the
various resource types), (2) which color combina-
tions and enhancements yield maximum informa-
tion for the objectives of the experiment, and (3)
what the gain in benefits over conventional inter-
pretation techniques are for certain applications,
then practical, operational use of data-reduction
and data-enhancement techniques will become
routine.

Efforts to solve problems in the above three areas
continue to be made at a number of institutions,
including the FRSL at Berkeley. Processors of

Ficure 2-5.—A relatively portable console viewer or
“color reconstitutor” for use with the Tech/Ops
camera output. The multiexposed emulsion is placed
in a holder (lower left side) and viewed through the
monocular. Color input controls appear on the panel
at the right. Other color controls are possible with
slight modification to the viewing unit for more false-
color manipulation. Tech/Ops is also considering pro-
ducing units that have more than three input color
controls.

remote-sensing data acquired for agricultural areas
should be able to identify crops and estimate yields
by enhanced tones or hues. Such capabilities would
materially assist in the continued development of
a strong agriculture program policy. Enhanced
imagery can assist foresters and other wildland
managers in evaluating complex multiple-use prob-
lems. Hopefully, enhanced imagery soon can be
used operationally in timber typing, detecting stand
infestations, locating recreation sites (or more im-
portantly, sites not suitable for recreation or spe-
cific purposes), in delineating soil boundaries, and
in making management decisions such as brush
conversion and planting.
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Analysis of Earth Resources in the Phoenix, Arizona, Area

Davip M. CARNEGGIE, LAWRENCE R. PETTINGER, AND CLAIRE M. Hay

On March 12, 1969, Apollo 9 obtained Infrared
Ektachrome and black-and-white multiband space
photographs over Phoenix, Ariz., from an altitude
of 126 n. mi. (145 stat. mi.) at approximately
8:30 a.m. local time. On the same day a high-
performance aircraft obtained aerial photographs,
using essentially the same film-filter combinations,
from an altitude of approximately 70 000 ft above
sea level.

High-altitude aerial photographs also were ob-
tained at approximately monthly intervals between
March and December 1969, for the purpose of
studying such time-variant phenomena as agri-
cultural crop development and transient conditions
of range vegetation in the Phoenix area. The re-
sultant space and sequentially obtained aerial pho-
tographs procured in this photographic experiment
have provided a unique opportunity to examine
the usefulness of such photography for Earth re-
source inventory and land-use planning.

The area studied includes a variety of wildland
and cultural features and is imaged on three adja-
cent Apollo 9 photos (AS9-3800, -3801, and
-3802). The area extends approximately 100 mi
both east and west of Phoenix. (Phoenix appears
near the middle of Color Plate 2.) The Forestry
Remote Sensing Laboratory (FRSL) has deter-
mined the interpretability of space and sequentially
obtained aerial photographs of this large area. A
major objective has been to determine specific ap-
plications and/or limitations of such photography
for evaluating the resources of (1) agricultural
lands, (2) rangelands, (3) geologic and hydrologic
units, and (4) urban and suburban areas.

Within this large study area, small representative
test sites were selected where detailed information
was collected regarding the condition and identity
of features related to each of the land-use cate-
gories. Ground data were acquired both at the
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time of the Apollo 9 overflight and on subsequent
dates coinciding with the high-altitude flights. This
ground information, when coupled with the anal-
ysis of the sequentially obtained aerial photos, has

provided the basis for evaluating the merits of the ,

Apollo 9 space photos, and determining their use-
fulness, either alone or in concert with accompany-
ing high-altitude aerial photos, for making Earth
resource analyses in the Phoenix area.

In this chapter the procedures used in attempting
to recognize various land-use categories (agricul-
tural, range, geologic, hydrologic, and cultural)
will be discussed separately, because different inter-
pretation techniques were employed to study the
space and aerial photos depending upon the nature
or characteristics of the particular resources.

In evaluating the agricultural resources, the fol-
lowing procedures were used:

(1) Sequentially obtained high-altitude aerial
photos were examined individually and in concert
for changes in crop development that might pro-
duce unique signatures that would facilitate crop
identification.

(2) On the basis of information obtained from
a study of these photos and from the concurrent
acquisition of field data, a crop calendar was pre-
pared.

(3) Tonal variations of the crop types were
evaluated from light-transmission data obtained
using a Welch Densichron.

(4) Color composites were made from multi-
band images and from multidate images, in an
effort to evaluate the extent to which such com-
posites might improve interpretability of crop types.

(5) Interpretation tests were prepared and given
to 12 interpreters, each taking four or five of the
15 different tests. The test images included Infrared
Ektachrome and black-and-white photos from both
the spacecraft and high-altitude aircraft, sequen-
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tially obtained Infrared Ektachrome aerial photos,
and color composites made from the black-and-
white multiband space and aerial images.

In evaluating the range resources, a two-step
procedure was employed:

(1) Representative test sites were selected
wherein the species composition, density, and rela-
tive palatability of the native forage plants were
documented.

(2) The close correlation known to exist be-
tween landform, soil type, water availability,
natural vegetation type, and plant development was
exploited to demonstrate the use of the concept of
“convergence of evidence” as an aid in analyzing
the forage potential on these sites from space and
high-altitude aerial photographs.

In evaluating geologic and hydrologic resources,
a three-step procedure was followed :

(1) Representative test sites were selected in
which the photogeologist, using available ground
data, became familiar with the image characteris-
tics of geologic and hydrologic features seen on the
S065 space photography.

(2) Geologic and hydrologic mapping was then
performed for other portions of the study area on
each of the film-filter combinations.

(3) The results thus obtained were field checked
to determine the extent to which geologic and hy-
drologic mapping could be performed, and on
which film types it could be most easily and ac-
curately accomplished.

In evaluating land-use patterns and cultural fea-
~ tures:

(1) Broad land-use categories were delineated
on a space photo (Color Plate 2).

(2) Cultural features were identified and their
relationships to wildland resources were discussed.

THE AGRICULTURAL RESOURCE

The extensive agricultural area under cultivation
in and around Phoenix is conspicuous in Color
Plate 2. Most of this agricultural land is in Mari-
copa County, the largest agricultural producing
county in Arizona. It contains about one-fourth of
the State’s total agricultural land. The annual in-
come from agricultural production in this area ex-
ceeds $200 million, making agriculture Maricopa
County’s most important and profitable resource.
To evaluate such a resource, crop-area measure-
ments must be made, crop types identified, and

determinations made of crop vigor and yield. This
information is vital in preparing an agricultural
census, and in the administration of Federal and
State agricultural programs.

From our analysis of the S065 space photographs,
it appears that acceptable estimates of cropland
area can be made by either of two methods. First,
the total area designated as agricultural land can
be delineated on rectified space photos, and an
area-calculation device can be employed to deter-
mine the total gross acreage within the delineated
area. Allowance can then be made for the propor-
tion of agricultural land not utilized in crop
production; e.g., for roads, irrigation facilities, farm
buildings, etc. Second, land area under cultivation
can be estimated by making a complete tally of the
number of individual fields that can be discerned
on the space photo.

Identification of crop types from space and
aerial photographs is a more difficult task, because
of variations in the appearance of crops resulting
mainly from different planting times and environ-
mental factors. An effort was made in this study
to determine the extent to which crop types and
conditions can be interpreted on various kinds of
space and aerial photographs. Such a test was made
possible by virtue of having obtained the complete
field-by-field identity of agricultural crops within a
16-sq-mi test site located just south of the town of
Mesa, Ariz. (See fig. 3-1 and Color Plate 3.) This
site was selected because (1) it was contiguous, (2)
it was easy to reach for gathering crop data on a
field-by-field basis, (3) it contained all the impor-
tant field crop types in the Phoenix area, and (4)
it was imaged clearly on Apollo 9 and most subse-
quent high-altitude photo missions. Crop types and
crop conditions (whether seedlings were emerging,
crop was mature, or crop was harvested, etc.) were
mapped, field by field, within this large test site at
the time of the Apollo 9 overflight and at later
dates corresponding to the dates of the sequentially
obtained aerial photos. This information provided
the basis for making the crop-type maps seen in
figures 3-2 to 3-16. The crop data also provided
the information needed for analyzing the sequential
photographs and for preparing interpretation tests
designed to determine how well interpreters could
identify crop types on different types of space and
sequentially obtained aerial photographs.
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Color Plate 2. Infrared Ektachrome photograph (enlargement of frame AS9-3801) taken by the
Apollo 9 astronauts. The enlarged space photo and overlay show natural cultural resources in the
Phoenix, Ariz., study area. Within this area (approximately 7000 sq mi) representative test sites
were established to gather detailed information regarding the identity and condition of the
various resources. The area occupied by various land-use categories was determined by an area
calculator as follows: agricultural cropland (A), 20 percent; rangeland (R), 43 percent; uplands
and mountains (M), 24 percent; watercourses (W), 8 percent; and urban (U), 5 percent. (The
actual estimate of cropland realistically needs to be scaled down by a factor of about 10 percent
to account for the roads and farm buildings that are included within the cropland area.)
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(a) These two color composite images were made using the FRSL optical combiner for the pur-
pose of enhancing overall interpretability of the images. The image on the left was made using
IR-89B and Pan-25A Apollo 9 images projected through red (25) and green (61) filters, respec-
tively. The image on the right was made by projecting IR-89B, Pan-25A, and Pan-58 high-
altitude aircraft images through purple (85), dark green (74), and dark red (70) filters. These
color composites show considerably greater detail than the color composites made by other
enhancement systems. Results from interpretation of these images are summarized in table 3-16.

o — —— —

(b) These color composite images were made by the Philco-Ford enhancement device. The com-
posite on the right was made using Pan-25A and Pan-58 high-altitude aircraft images and the
left image was made using Pan-25A and IR-89B Apollo 9 images. The differences between the
two images are largely due to the resolution.

Color Plate 6



afewnt yea moppq dewr 2y "INy Y1 jo 10[0d oy pue ‘padaford sem oFeur

=€ 2[qE) Ul pajedIpur Ped PIYM ySnoiyy Iy UNBIAL 2Y) ‘pIsn 219M Jey) safeuwnt yGg-ued jo sajep

SI paynuapt oq ued 10897182 B PIYM PIM $59000S Jo 22130p 2y, ‘paredaid sem oY1 9yedrpur o8ewr YOEd MO[PQ SUOIIBIOU IY ], "IduIquiod 10[0d reondo JSYL 2y
o8ewr asodwod oy YIYM 10 A1082182 913 UT PIAY YOED JO UOHIEIO] Y} SAIEIIPUT ym paxedaxd 231s 1531 “ziry ‘esopy a1 Jo saSewnr aisodwiod 10[0D) 4 Ae[d 10[0D)

-

$199q 1edng [¥)

ﬂ

ejreyy

N j F gl i =]

MO[[A {06 ‘0 Toquiadog
ordand gg {1z Aep

pa1 Gz ‘og IPquuadag
onpq 6L g1 YPIEW

an[q ‘gL ‘13 kel
MO[[A ‘06 ‘21 PIeW

$129q 1edns pue ej[ej|y

u0)30D)



g 21B[d 10[0D sdor 1ayjo woixy sppy Adpreq qre aeredss 0y paredoxd sem (p) a8ewy “Afuo Zp

*211S 189) 9} UI 2IIM SP[Y UPIB) uo udye) sadewr ge8—¥I Pu® ‘8G-UBd ‘YGZ-UBJ WOIJ IPBUWI SIUIWDUBYUD
oy a1oym moys yderdoroyd yoea jo 1ySur oy 01 sdewr ayy, 'sdord woxy (10[0d pueqnnur axe safewnn osoyy, ‘wIsks §OACI 2y Suisn sesuey jo AysidArup
onjq ored) [ros areq senuaryp o1 (?) afewnr pue ‘10[0d> anjq anbrun e se oy e paredaxd oyis 1591 “ziy ‘esoy 1w bs-gr ayy jo soSewr oysodwod 1o10p

(g68—41 + 8g-ued + vgz-ued) g1 prew (2) (g68—a1 + 8¢-ued + vgg-ued) g1 wrew (p)

- - T j e

B a
[l 1
'E
”
—— — —
[BE ﬁ
-
‘() o3ewrr sonpoxd o1 pasn arom safewnr ygz-ueg °G—¢ [qel ur paje[nqe)

*(9) o8eunr o1e sadewr snorrea 9y) jo saxmeudis 10[0d ) jo sSuruesw ayJ, ‘wsks piog
10§ spueq asoyy jo yoea woxy d8ewr suo pue ‘(q) IFeuwrr 10y sofewnr ge8—dI -00[1yd 2y Aq padnpoxd sofewrr aysoduwiod 10[0> epnnur jo sapduwrexs 21y,

b

(g68—41 1dy + (g68—d1) WPIeW (9)

(g68—41) Aew + (Veg-ued) wIew () (veg-ueq) mdy + (vgz-ued) wprew (v)

q

-~
o
|

1eAR sa

l.l.lOJj pa:npo.l

*Adod 3|qe|




Color Plate 9. Infrared Ektachrome photos copied from a portion of two frames of HyAc
panoramic photography taken on March 9, 1969, from an altitude of approximately 70 000 ft.
Photo (a) shows the influence of low soil fertility on citrus orchards in an area northeast of
Mesa, Ariz. The arrow indicates where gravelly soils from old stream channels do not support
vigorous citrus trees. Photo (b), which covers an area 20 mi west of Phoenix, illustrates further
how different soil types and soil condition can be detected on high-altitude photographs. Three
soil types are delineated on this photo: (1) old alluvial soils, (2) recent alluvial soils, and
(3) gravelly river-channel material. Fields that are still affected by alkali accumulations and
have not been reclaimed for cultivation are indicated at A4.
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March 12, 1969

March 12, 1969

Color Plate 11. The wildland area in the Infrared Ekta-
chrome photo (top) is just north of Phoenix. This en-
largement was made from an Apollo 9 space photo (AS9—
3801), taken from an altitude of 126 n. mi. The rectangle
indicates an area that corresponds to the aerial photo-
graphs (scale 1/60000) on this page. Primary use of this
land is for grazing, but there is limited recreation use in
and around the reservoir. The rugged upland areas (upper
portion of space photo) support chaparral vegetation,
while the alluvial plains (middle portion of space photo)
support semidesert shrub vegetation. Variation of the red

April 23, 1969

coloration associated with the alluvial plains area is due
in part to vegetation types associated with different soils,
but the more intense red is due to a dense ground cover
of annual grass that was at the peak of its foliage develop-
ment. The area indicated by A in the March 12 aerial
photograph (bottom left) has less vegetation than the other
areas. Interpretations such as this may indicate the time
of season that a range is ready to be grazed (range readi-
ness), when the forage has reached its peak, and when it
has begun to dry.
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Color Plate 14. (a) This oblique photograph of andesite area shows the reddish-brown tone and
highly dissected nature of the low angular hills. The combination of this tone and topographic
texture helps make the andesite distinctive from the basalt on the space photo (Color Plate 13).
(b) In the upper right portion of this photograph are small granite hills that are clearly visible
and mappable on the space photo. The light tone of the granite and its topographic form
(generally long, then acutely branching ridges) distinguish it from the more basic extrusive
igneous rocks present. In this area, however, it is interesting to note that the granitic gneiss
cannot be easily differentiated from the granite due to similar tone and form. (¢) The basalt
in this photograph appears darker in tone than the andesite, and its topographic form is also
different in that the basalt has been less eroded and forms longer, higher ridges or isolated
conical hills. In extensive areas of flatter topography, the basalt is in evidence by the dark black
gullies and scarp edges.
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Fioure 3-1.—Enlarged portion of an
Apollo 9 Infrared Ektachrome pho-
tograph (AS9-26-3801) showing
the location of test sites near Mesa,
Ariz. The 16-sq-mi area (outlined
at left) is the primary area for col-
lection of ground truth and is the
area used for administering tests for
crop identification using high-alti-
tude imagery from various dates.
Enhanced images have also been
prepared from multiband photo-
graphs of this area. The area out-
lined on the right was also moni-
tored on the ground throughout the
1969 and 1970 growing seasons to
provide additional information on
crop type and wvariability, and for
use as an “extended area” in future
tests.

Ground photographs of representative fields have
been taken to document how their conditions
change throughout the growing season. Examples
of this photography can be seen in Color Plate 4.

On April 23 stalks were beginning to appear in
the barley field, the cotton field looked bare because
seedlings were just emerging, and the alfalfa field
looked dark because it had recently been mowed.

On May 21 the barley crop was mature, the
cotton plants were still very young, and the alfalfa
field had recently been mowed.

On August 5 the barley had been harvested and
the field tilled, and foliage covered the cotton and
alfalfa fields.

Low-altitude aerial oblique photographs were
also taken over the study area in March and May
of 1969. These two types of supporting photog-
raphy were used to provide more detailed informa-
tion on individual fields; they also became useful
during the interpretation process when an attempt
was made to explain subtle tone differences be-
tween fields, not only in terms of crop type but also
in terms of the particular stage of crop growth and
any transitory characteristic (irrigation, plowing,
weed growth, etc.).

It was recognized at the outset that great diffi-
culty might be encountered in attempting to
identify, on early March photographs alone, the
variety of crop types known to grow in the Phoenix
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area. Therefore an effort was made to use several
aids to interpretation, including (1) sequential
photographs, (2) tone-signature analysis, (3) multi-
band and multidate image enhancements, and (4)
preliminary training exercises for the photo-
interpreter. Since sequential photographs, densi-
tometric data, and image enhancements (color
composites) were examined in the interpretation
tests along with the four film-filter combinations
from Apollo 9, they will be discussed before de-
scribing the test and the results.

Sequentially Obtained High-Altitude
Photography

The possibilities for making Earth resource sur-
veys on space photography cannot be completely
evaluated until the merits of obtaining such pho-
tography sequentially (e.g., at weekly or monthly
intervals) have been considered. It is in this sense
that the monitoring of crops, by means of photog-
raphy, becomes an especially important concept.
Since it was known that it would not be possible
to obtain sequential space photography (similar to
that taken on the Apollo 9 mission) on succeeding
dates throughout the 1969 growing season, sequen-
tial aerial photography was obtained during that
period from an altitude of approximately 70 000 ft.
This photography was obtained at intervals of
about 1 month. It closely simulates the type and
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Legend for Figures 3-2 and 3-16

A Alfalfa M, Milo (grain sorghum); green, reaching
A, Alfalfa recently cut and alfalfa pastures maturity
An Alfalfa nearing maturity or ready to be cut Mn Milo (grain sorghum); mature, ready for
A, Alfalfa recently seeded harvest
B Barley OA Oats
B. Barley; field harvested, stubble remaining OA. Oats; field harvested
B Barley; young plants developing OAg Oats; young plants developing
Bi Barley; field green, inflorescence emerged P Pasture
Bm Barley; mature, ready for harvest S Forage sorghum
BS Cultivated fields not yet planted Se Forage sorghum; crop harvested
BS4 Cultivated fields not yet planted (bare soil Se Forage sorghum; plants green and vigorous
relatively dry) SB Sugar beets; foliage cover consists of large beet
BSm Cultivated fields not yet planted (bare soil leaves combined with weeds and scattered
relatively moist from recent irrigation) cereal plants from previous continuous
C Cotton cover crops
C, Cotton; plants reaching maturity, foliage green STUB Stubble
Ch Cotton; crop harvested w Wheat
Cn Cotton; plants mature, defoliated W Wheat; harvested, stubble remaining
CO Corn W, Wheat; young plants developing
DISC Disked Wi Wheat; field green, inflorescence emerging
F Fallow field Wn Wheat; mature, ready for harvest
H Housing development or other structures U. of A. University of Arizona Experimental Farm
M Milo (grain sorghum) Exp.
M, Milo (grain sorghum); field harvested Farm
H [834 MESA mh‘ H M MESA A
Bs, Bs, By & 8,[colece A, — 8 c c ﬂ Bm|lcoteece| A, had 18
S| sn 8 8, s 8 A,
L'sd SB| Am A A Ac A Am EAG Am F
‘m
se fAc

Ficure 3-2.—Ground data map indicating crop type and
condition, Mesa test site, March 12, 1969. At this time
the B, fields are green, 18-in. average height, inflores-
cence not emerged. The W; fields are green, 16-in.
average height, inflorescence not emerged.

Ficure 3-3.—Ground data map indicating crop type and
condition, Mesa test site, April 23, 1969. The B; and
W; fields are still green and reaching maturity; cotton
and milo seedlings are just emerging.
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Ficure 3-7.—Ground data map indicating crop type and
condition, Mesa test site, August 29, 1969. All of the
forage sorghum fields have green and vigorous plants.
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Ficure 3-10.—Ground data map indicating crop type
and condition, Mesa test site, December 9, 1969.
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FiGUre 3-11.—Ground data map indicating crop type
and condition, Mesa test site, January 18, 1970.
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FicURe 3-14.—Ground data map indicating crop type
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OA; fields the inflorescence has not emerged; the S,
fields have seedlings just emerging.
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Ficure 3-15.—Ground data map indicating crop type
and condition, Mesa test site, May 21, 1970. The cotton
plants are just emerging; young plants are developing
in all of the CO and S; fields.
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FicurRe 3-16.—Ground data map indicating crop type
and condition, Mesa test site, June 11, 1970. The
cotton plants have grown to 6 to 12 in.; the forage
sorghum is in the grass stage.

quality of imagery expected from space on a se-
quential basis within a few years.

Of all the Earth resource features that might be
investigated sequentially, agricultural croplands
are among those exhibiting the most dramatic
changes within a relatively short time. Thus our
initial effort in studying sequential photography of
the area centered around Phoenix has been
oriented toward determining how much more in-
formation about agricultural resources could be
derived from it.

High-altitude multiband photography of the
Mesa agricultural test site was acquired on March
12, 1969, concurrent with the flight of Apollo 9.
This imagery was obtained from an altitude of
70 000 ft giving a photo scale of 1/250 000, using
four Vinten cameras (70-mm format). In addi-
tion, two HyAc panoramic cameras containing
Infrared Ektachrome and Panchromatic film
were part of the camera system.

Similar aerial photographs were obtained during
1969 on April 23, May 21, August 5, September 30,
and November 4 (Color Plate 5, fig. 3-17). Four
Nikon cameras replaced the Vinten cameras for
these subsequent missions. The photographs from
the Nikon cameras are 35-mm format (21-mm
focal length) giving a photographic scale of ap-

proximately 1,/850 000. Continuing coverage of the
Phoenix area on small-scale aerial photographs
was obtained from an altitude of 60000 ft using
the NASA-based RB57F jet aircraft from Decem-
ber 1969 to June 1970. Data have been obtained
using two RC-8 cameras (equipped with Ekta-
chrome and Infrared Ektachrome film and provid-
ing a scale of approximately 1/120000) and four
Hasselblad cameras equipped with Ektachrome,
Infrared Ektachrome, and black-and-white films,
providing a scale of approximately 1/450 000.

Factors Affecting Crop Identification

Once data of the kind_ just described have been
obtained, techniques for identifying crop type can
be developed. The most serious limitation to de-
veloping useful techniques lies in the variability of
crop type and cropping practices. Any factor which
affects the distribution, development, and vigor of
a crop may affect its photographic signature, and
thus may influence the success with which that crop
can be consistently identified.

Crop Type and Distribution

Agricultural practices in an area are generally
stable. Totally foreign crops are rarely introduced.
For this reason, interpretation keys can be devised
for a specific area with little fear that certain crops
will totally disappear or that new crops will
suddenly be introduced on a large scale. Table 3-1
shows that these generalizations are valid for the
Arizona area and for the Nation as a whole as
applied to the main crops grown in Arizona during
a recent 4-yr period. Changes in acreage are gen-
erally small, although the data for sugar beets point
up an interesting exception. Sugar beets were only
introduced in Arizona in 1966 when allotments for
the planting of this crop were granted by the Fed-
eral Government, and in 1968 and 1969 acreage
rose substantially with governmental approval. It
is probable that the sugar-beet acreage of Arizona
will expand in the years to come. In using sequen-
tial photography year after year as an aid to crop
identification, one must consider such trends.

The geographic distribution of crop types and
the degree of similarity of cropping patterns from
one area to another are factors that govern the
validity of an interpretation key for identifying
crops in widely separated regions. Crop identifica-
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TABLE 3-1.—Acreage Planted to Various Crops in Arizona as Compared with U.S. Acreage, 1967-1969

[Source: Arizona Crop and Livestock Reporting Service, 1969%]

Acres planted in Arizona, by years »

Acres planted in the United States, by years s

Crop Indi- Actual ® Actual 1969 Indi- Actual® Actual 1969
1967 1968 cated® 1969  as percent 1967 1968 cated® 1969  as percent
1969 of 1968 1969 of 1968
Cotton_...________ 248 298 320 312 104 9448 10921 12012 11 898 108
Barley. ... _____._ 187 200 168 166 83 10002 10322 10352 10158 98
Sorghums._________ 254 239 206 208 87 19007 17924 17 659 17 438 97
Suga beets..______ 13.2 19.6 34.0 33.6 171 1197 1481 1649 1 650 111
Allhay . ______.__ 233 239 225 224 93 64 667 62570 62730 61 838 98

& In thousands of acres.

b “Indicated 1969 values reflect predictions by farmers as to their intentions to plant; ““Actual 1969 values are acreages

actually planted.

tion characteristics in the Mesa test site in Arizona
have been compared with those in the Imperial
Valley test site of California (ch. 4). The results
obtained suggest that there is enough similarity to
permit common photointerpretation keys and tech-
niques to be used for identifying many of the same
crops in both areas.

Seasonal Development

Documentation of the seasonal development of
crops is important for determination of optimum
times of the year for crop discrimination. Both
within-season and between-season variability will
affect the specification of optimum dates for ob-
taining photography. For the 16-sq-mi test site near
Mesa, field-by-field tabulations of crop type and
condition were made from the ground data col-
lected on each mission date. This information was
used to write the generalized descriptions of crop
development in table 3-2. From this information,
the calendar in figure 3-18 was prepared for the
major crop categories within the 16-sq-mi Mesa
test site (Maricopa County). Included in the
calendar are descriptions of the seasonal changes
that occurred within each crop type during the
1969 growing season.

Within the 1969 growing season, four distinctive
crop sequences were noted. These include:

(1) Cereal grains (wheat and barley) followed
by sorghum (grain or forage)

(2) Bare soil followed by cotton

(3) Mature alfalfa alternating with freshly cut
alfalfa (generally mowed monthly)

(4) Sugar beets followed by grain sorghum
{(milo) or bare soil

These sequences can be explained in terms of
the growth patterns of each crop type. For example,
cotton must be planted in early spring (more than
a month earlier than sorghum); hence, it can be
found only in fields that appeared bare on March
photographs, it cannot follow a cereal grain or
sugar-beet crop. Sorghum, on the other hand, can
be planted in late June or July and still reach
maturity before the end of the growing season.
Thus, it can be planted in fields that contained
barley or sugar beets, once these crops have been
harvested in May and June. Alfalfa follows an en-
tirely different pattern, because it is grown in the
same field for more than 1 yr (generally 2 or 3
yr). It is mowed at monthly intervals and its ap-
pearance changes on the photographs depending
upon the time since the last mowing. Representa-
tive ground photographs illustrating these points
can be found in Color Plate 4.

Comparison of data for 1969 and average data
for crop development over other years shows that
patterns for 1969 were generally normal (Arizona
Crop and Livestock Reporting Service, 1969b).
Cotton harvesting was delayed because of late boll
set and wet weather (only 60 percent of the crop
had been picked and ginned by December 1, 1969,
as opposed to 84 and 85 percent in 1968 and 1967,
respectively). Sugar-beet yield was affected by
heavy weed development in the fields and by insect
attacks. Also, late-planted grain sorghum fields
were of poor quality and harvest was delayed by
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TABLE 3-2.—Summary of Crop Development for

Crop development by date of photography—

April 23

May 21

July 1

Crop type
March 12
Wheat, Vigorous growth, green
barley foliage; 100 percent
cover; inflorescence
about to emerge.
Alfalfa__.___ (®)
Sugar beets__ Green foliage; 100 per-
cent cover.
Cotton. ____. Fields bare, prepared for
planting.
Milo (grain
sorghum)

Some fields maturing,
others green; 100 per-
cent cover; inflor-
escence developed.

Green foliage; 100 per-

cent cover.

Seedlings emerging; less
than 1 percent cover.

Fields matured and dry,
many harvested;
stubble plowed in some
cases.

Some fields harvested,
tilled; others green
with 100 percent cover.

Young plants 6 to 12 in.;
less than 5 percent
cover.

Milo planted in fields
previously occupied by
barley, sugar beets, or

Fields of stubble or
tilled (bare) soil.

Most fields harvested,
residual leaves, bare
soil, or emerging
sorghum.

Plants green, 2 to 3 ft
tall; cover 80 to 100
percent.

Seedlings less than 6 in.
emerging; less than
5 percent cover.

bare soil.

Note.—The information in this table was used to construct the crop calendar in fig. 3-18,
® Variable height and density of leafy green foliage, depending upon time interval since last cutting; fields cut at

approximately 1-month intervals, leaving coarse stems.

wet field conditions. In general, the pattern was
near normal; thus, conclusions reached regarding
the optimum time for discrimination of particular
crops made this year should hold for future years
if they follow the established trends.

Comparisons of crop data from one year to
another were also made for the 16-sq-mi Mesa
test site. Information regarding crop type in each
field was compared for 1969 and 1970. The data
in table 3-3 were obtained.

These data suggest that there are some definite
patterns of crop sequence from one year to another.
For example, in 1970, sugar beets were planted
only in fields which contained a cereal grain (wheat
or barley) in 1969. Also, cereal grains only (no
other crop) were grown in fields which produced
sugar beets in 1969. Alfalfa continued to grow in

36 fields out of 50 that contained that crop in 1969.
Alfalfa is not an annual crop (one in which the
plants grow to maturity, die, and are removed
each year). Instead, the same alfalfa plants are
grown for 2 or 3 yr in a given field.

Further search for crop patterns showed that a
second cotton crop was grown in 55 percent of the
fields in which it grew during 1969, and a cereal
grain crop was grown in all but two of the remain-
ing 14 fields that contained cotton in 1969. Also,
seven fields in this 16-sq-mi test area were taken
from agricultural production and converted to
subdivisions. The expansion of the city of Tempe
was responsible for this shift in land use. More of
this conversion can be expected as the population
in the area expands.

The generalizations which have just been drawn
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Crop development by date of photography—Continued

Crop
July 15 August 5 August 29 September 30 November 4
Wheat, Fields tilled, bare ..o e eaa- Fields being tilled
barley (few remain with and prepared for
stubble). planting 1970 crop.

Alfalfa____._ (*)

Sugar beets__. Residual leaves, bare ___._____.___.___ Fields bare, prep- Planting of new Green foliage; 10 to
soil, or young arations under- crop complete. 50 percent cover.
sorghum. way for planting

of 1970 crop.

Cotton______ Plants green, 2 to 3  Plants green, 3 to  Plants green, 3to  Plants 3to 4 ft Fields mature; many
ft tall; cover 90 4 ft tall; some 4 ft tall; cotton tall, foliage dry, fields have been
to 100 percent. fields flowering; bolls mature on cotton bolls harvested (plant

cover 90 to 100 some plants, mature; cover residue remaining).
percent. flowers de- 90 to 100
veloping on percent.
others; cover 90
to 100 percent.
Milo (grain  Plants developing Inflorescence Plants 3 ft tall; Plants 3 to 4 ft Many fields har-
sorghum) (12 to 24 in. tall), maturing; 100 100 percent tall; 100 per- vested (stubble
inflorescence percent cover. cover; inflores- cent cover; in- remaining or
emerging; percent cences maturing;  florescences disked); other
cover depends on some fields ready  mature; fields fields mature,
stage of maturity for harvest. ready for ready for harvest,
harvest.

(10 to 100 per-
cent).

[y —
Alfalfa
Barley&Wheat - -+ - e — 77T
........ e
Sugar Beets ————————t——————
Cotton  srseeen A e -
Sorghum e bt e e e - — —
«er - . » planting
—— growth
— — = harvest

Ficure 3-18.—This crop calendar summarizes the devel-
opment patterns of five major crop types in the Mari-
copa County test site. The duration of each of the
three main phases of development (planting, growth,
and harvest) is indicated. It was prepared using field
data and published crop status reports for Maricopa
County. This kind of information is used to select opti-
mum dates for discrimination of each crop type on
aerial and space photography.

are useful in predicting the identity of crops in
future years and may help to improve the accu-
racy of crop surveys.

Knowledge of crop sequences and of the varia-
tions that affect these ‘sequences is needed to
specify the optimum times of the year for obtaining
sequential photography. For agricultural areas, the
cyclic changes are best summarized in a crop
calendar such as that shown in figure 3-18. Tone
values of individual fields (as seen on photographs
of a given date) can be related to the stage of
maturity of the crops on that date, as summarized
in the crop calendar. The calendar can be used to
determine either (1) when a particular crop type
exhibits a condition that produces a unique signa-
ture that can be discriminated from signatures of
all other crops, or (2) what combination of dates
for sequential photography is best for crop identifi-
cation.

Barley and cotton can be identified easily by the
first of these techniques. Barley is the only crop in
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TABLE 3-3.—Crop Sequences, 1969 and 1970

Spring 1969 Spring 1970

Crop No. of Crop No. of Percent
fields fields  of 1969
 ; S, 35 B_o___..._. 6 17
W__ ... 3 9}26
Ao______ 14 40
Co - 4 11
SB____.... 5 14
P 3 9
W . 2 A ... 1 50
SB_____.._. 1 50
A . 50 A _______ 36 72
Co . 3 6
S_-- 3 6
B 3 6
W .. 2 4} 10
Other_____ 3 6
Co . 31 Co__..___ 17 55
B.._______ 8 26
W 4 13} 39
Other__.__ 2 6
SB__ ... 5 Bo.___.... 4 80
W_o______. 1 20} 100
SB,B,BS______ 7 H________ 7

Note.—The crop symbols are the same as those used in
figures 3-2 to 3-16.

the 16-sq-mi test site that has a characteristic
golden color when mature in May (Color Plate 4).
Since barley has a characteristic color on the In-
frared Ektachrome photograph of May 21 (see
Color Plate 5), it can be distinguished from other
crops with a high degree of success. (See later sec-
tion for results from interpretation tests.) The
unique cropping pattern for cotton also aids in its
identification. Because cotton is planted only in
fields that are bare in March, the location of the
cotton crop can be predicted in March by identify-
ing bare soil fields. Later in the year, the presence
of cotton can be confirmed.

Other studies have shown that no single date is
best for making identification of all important fea-
tures, but that data from each month can
profitably be used for specific purposes. Sayn-
Wittgenstein (1967) suggests that winter photo-
graphs will permit open plains to be distinguished
from wooded hills by their sharp contrast at that
season; spring photographs are best used for study-
ing the ground surface and for differentiation of

hardwood and conifer tree species; and photo-
graphs taken during the fall are best used to evalu-
ate topography and identify soils. To select the best
date for procuring aerial photography, Sayn-
Wittgenstein notes that it is essential to understand
the seasonal effects that govern the appearance of
the ground features being studied. Brunnschweiler
(1957), working in Switzerland with 1/12 000-
scale photographs, found that image contrast was
greatest on May and August photographs and that
problems in field structure (size, shape, and
boundaries of fields) could best be solved using
photographs taken during those months. Individual
crops could best be discriminated on June or July
exposures. May photographs were judged best for
interpretation of soil conditions. As in other studies
of large-scale photographs (Goodman, 1959, 1964;
Schepis, 1968; Steiner, 1969), dependence was
made upon certain kinds of photographic detail
(crop height, crop structure, cultivation and har-
vesting patterns, and type and location of farm
buildings and equipment, for example) that can-
not be detected on the high-altitude photographs of
the type examined in our present study. For this
reason, other parameters must be employed to
provide useful information from very-small-scale
images. Crop signature is one of the most impor-
tant of these parameters.

Crop Signature

Because little field detail is discernible at the
scale and resolution of the high-altitude Nikon
photographs that were studied, photographic tone
or color becomes the critical factor for identifica-
tion. Either spectral signatures must exist at one
date so that individual crop type can be identified,
or else sequential patterns of tone or color must
exist so that a crop type can be distinguished on the
basis of changing patterns (i.e., bare soil to con-
tinuous cover crop to bare soil) at particular dates.

One of the most serious problems experienced
during interpretation of the 1969 high-altitude
photography resulted from the variability in image
quality from one date to the next. This situation is
evident in Color Plate 5 where a wide range of
color balance exists among the photographs taken
on different dates. The poor quality of the August
5 image was caused by high cirrus clouds that par-
tially obscured the Phoenix area on that date.



However, the weather was clear on all other dates,
so the differences in color balance then should be
ascribed to exposure, film (age, storage, etc.), or
processing differences. The prints reproduced in
Color Plate 5 were copied from duplicate trans-
parencies made from the original transparencies.

Sometimes the identification of crop types from
sequential photographs depends merely upon
whether fields are vegetated or nonvegetated (bare
soil) at certain times of the year. In such instances
the presence or absence of some red tone on In-
frared Ektachrome photographs can be easily
noted, regardless of the color balance of the
images, and the problem of variability in image
quality is not serious. When the discrimination be-
tween crops depends upon recognition of subtle
color differences on Infrared Ektachrome photog-
raphy, however, consistency in the color balance of
images procured on different dates becomes impor-
tant. Unless there is some consistent color signature
on different dates for a crop, indicating that the
crop is undergoing unique changes, sequential
photointerpretation keys that use color as a de-
pendable characteristic for crop identification
cannot be prepared.

The preparation of color composite images from
multiband photographs has been suggested as a
means of reducing variability of color images taken
on different dates. It has been theorized that ad-
justments could be made with a color combiner to
insure that the color balance of selected images
would match calibration targets. Presumably this
would insure uniform color balance on the color
composites, despite variations in gamma and re-
lated tonal qualities on multiband black-and-white
photographs. This may be true if the composite
images as formed on the screen are to be viewed
directly. However, our tests show that if color
reproductions of these composite images are to be
made, as is often the case, the copy film and prints
made from it must also be properly exposed and
processed. In that event, some of the same prob-
lems that exist when seeking uniform quality in
the original aerial color photography will be found
to exist in color reproductions of the composite
images. Figure 3-17 contains examples.of multi-
band photographs from the high-altitude flights.
All were copied in the same fashion from the
duplicate rolls, and these prints indicate the general
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quality and variability obtained. Note also that no
IR-89B imagery was obtained for May 21 and
August 5, thus limiting any possibility for using an
infrared image in the preparation of enhanced
images (e.g., simulated Infrared Ektachrome color
composites) for those dates. Attempts were made
in our studies to prepare color composites at uni-
form color balance for dates in which three multi-
band images were procured. However, the FRSL
color combiner, which was used for this purpose,
has limited capability for adjustment of brightness;
and little success was achieved in preparing images
of uniform color balance from one date to another.
Also, since the data were not calibrated, there was
no reference against which to standardize the en-
hancements.

Tone-Signature Analysis

As a means of investigating tone signature for
the crop types found in the Phoenix area, meas-
urements of light transmission on Pan-25A nega-
tives for representative fields in the 16-sq-mi test
site near Mesa were made. In this way the vari--
ability of tone signature for each crop type could
be determined and compared. The relative success
that might be achieved in distinguishing one crop
from another could also be assessed by studying the
relative differences in density among crop types.

A Welch Densichron instrument was used to
measure negative transmission on Pan-25A nega-
tives for March 12, April 23, May 21, August 5,
and September 30. Several fields of each crop type
(fig. 3-19) were measured on each negative, in
order to include the range of transmission values
of each crop type. These ranges are plotted in
figure 3-20 for each image. Comparisons of data
from a single image can be used to predict the
probability of identifying particular crop types. For
example, if the range of transmission values for one
crop does not overlap the values for any other
crop, a photointerpreter probably could identify
that crop consistently. However, comparisons be-
tween images are not possible because no calibra-
tion information is available and no reference
targets were established in the test sites on each
date of photography.

The data in figure 3-20 indicate that there are
very few cases in which one crop has a unique tone
signature at a single date. Three examples can be
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Ficure 3-19.—These maps show the agricultural field patterns in the Mesa test site. The
numbers associated with many of the fields indicate the percent light transmission of the
Pan-25A negative for that particular crop type in March (left) and May (right). Com-
parison of these values gives an indication of the crop types which can be differentiated.
(See the legend for figs. 3-2 to 3-16.) Sequential photographs permit an interpreter to
increase the correct identification of crop categories. Barley fields, for example, are consis-
tently identified by their characteristic signature (light tone) as seen on May photographs
(plants mature). In March, however, barley fields appear similar to alfalfa (mature),
wheat, and sugar beets; hence, the percent correct identification for barley is relatively
low. BS? indicates fields now fallow or cultivated that had produced a barley crop in March.
B? indicates barley fields not detected on May photographs because they contained oats that

were still green.

discussed, however, that demonstrate a high cor-
relation between transmission data and interpre-
tation accuracy. Fields that contained dry bare
soil in March have transmission values that do not
overlap with any other field type. These fields have
the lowest transmission values of any type category
measured. (And they have the brightest tones on a
positive print; see Pan-25A print for March 12 in
fig. 3-17.) Interpretation results for dry bare soil
(see table 3-16, image 3) indicate that this condi-
tion was identified correctly 87 percent of the time,
with 41 percent commission errors. (See “Inter-
pretation Tests” following for discussion of percent
correct identifications and commission errors in
interpretations.) In early April, a cotton crop was
planted in each field that had been bare in March.
By April 23, when high-altitude photographs were
again obtained, the cotton seedlings were just
emerging (Color Plate 4) and these fields appeared
as bare soil. As in March, the transmission values

for this condition as measured on the April 23
negative were different from those for any other
crop type (see graph for April 23 in fig. 3-20).
Interpreters achieved 97 percent accuracy for
identifying this category and made only 16 percent
commission errors. This highly favorable result
might have been expected from an examination of
the light-transmission data of figure 3-20.

The record is similar for the identification of
barley. For March 12 and April 23 negatives,
transmission values for barley overlap those of
several other crops, suggesting that it would be
difficult to distinguish barley on either of these
dates. This prediction is borne out by interpreta-
tion results. (See table 3-16.) Only 34 percent of
the barley fields were identified correctly in March
with 38 percent commission errors, and only 31
percent were identified correctly in April with
44 percent commission errors. The golden color of
mature barley (Color Plate 4) produces a light
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tone on the Pan-25A print for May 21 (fig. 3-17),
which is unique for that crop. Transmission values
for barley (see the May 21 graph in fig. 3-20) are
unique and do not overlap with values for other
crops. As a result, interpreters were able to identify
91 percent of the barley fields correctly on the
photograph for May 21, with only 3 percent com-
mission errors.

In both of the above cases, interpretation results
increased for the feature that was to be identified
when there was a notable difference in the trans-

dates indicated. (See the legend for figs. 3-2 to 3-16.)

mission values for the crop in question as compared
to all other crop types.

Data of the type just presented suggest that there
are only a few times of year when particular crops
can be successfully discriminated from all others
on the basis of photographic tone. Furthermore,
data of this type obtained for different film-filter
combinations and for different dates could be use-
ful in predicting the success expected from making
either multidate or multiband color composites.
Finally, these Densichron measurements lend
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credence to the observation that, for most crops on
any given date, the within-crop variability of tone
is greater than the between-crop variability. This
is the problem that often limits one’s success in
identifying crops on one photo date, but is less re-
stricting when sequential photos are available for
evaluation of changing patterns of crop develop-
ment.

Multiband and Multidate Color Composites

The potential for increasing the interpretability
of space and aerial photographs for agricultural
crop types through preparation of color composite
images was investigated with photography of the
Mesa test site. (The techniques for preparing
images of this type were described in detail in ch.
2.) Multidate enhancements have been prepared
that take advantage of the temporal signature of
different crop types in the same manner as multi-
band enhancements are prepared to use spectral
differences in tone signature. An optical color-
combining system, the FRSL optical color com-
biner, and two electronic systems, the Philco-Ford
image-tone enhancement system and the University
of Kansas electronic processing system (image dis-
crimination, enhancement, combination, and
sampling (IDECS)) were used in the illustrations
of the technique reported here.

Enhancements From the Optical Color Combiner

Color combinations were prepared using the
FRSL optical color combiner with the intent to
improve the identification of individual crop types.
A comparison was made between the various kinds
of enhancements prepared using multiband images
from Apollo 9 and high-altitude photography
(Color Plate 6a). Both sets of images were proc-
essed using similar projection filters and were pre-
pared with the objective of enhancing overall
interpretability of the image. Differences between
the two enhancements are primarily due to differ-
ences in resolution of the input images.

In addition, enhancements were prepared to
enhance individual crop types, using as inputs the
same Pan-25A high-altitude-aircraft images that
were selected as best for the discrimination of each
crop type, based on the crop calendar. Thus, en-
hancements for cotton were prepared using March
12 and September 30 photographs; enhancements

for alfalfa and sugar beets were made using May
21 and September 30 photographs; and enhance-
ments for barley were made using March 12 and
May 21 photographs.

Color Plate 7 contains some of the examples re-
ferred to above. The enhanced images represent
only three of many possible combinations. Con-
clusions reached regarding these three enhance-
ments are only indicative of the possibility for
improvement of the identification of crops by the
enhancement technique. Filter choices in the FRSL
optical color combiner are limited, and no adjust-
ment of brightness for each projector is possible;
more interpretable composites might be prepared
from the same inputs if better adjustments were
built into the system. Changes in the FRSL system
used are being made. For each image, a map is
included that shows the location of all fields of the
crop for which the enhanced image was prepared.
A photointerpreter was asked to study each image
and determine how many fields of the crop type in
question had been successfully color coded for
identification by the enhancement process. The
results of this comparison are shown in table 3-4.
Percent correct identification and percent commis-
sion errors are tabulated for (1) the enhanced
images, (2) the Infrared Ektachrome images that
were judged optimum for distinguishing each crop
type, and (3) Infrared Ektachrome images for
March 12, April 23, and May 21, which were inter-
preted in concert. Results of interpreting the en-
hancements can be compared with interpretation of
the same input images (Infrared Ektachrome
photographs from the same dates as used to pre-
pare the enhanced images), the results of which
also appear in table 3-16. Since interpretation
results from the images judged optimum were
sometimes lower than for the concurrent interpre-
tation of March 12, April 23, and May 21 images,
results from that concurrent interpretation are also
included. In this way we can compare interpreta-
tion results from enhanced images with the best
results from interpretation of the Infrared Ekta-
chrome photographs. The reader is invited to study
each image in Color Plate 7, using the correspond-
ing map to aid in determining how well each crop
type is enhanced on the appropriate image. The
following conclusions can be made regarding this
comparison:
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TaBLE 3-4.—Percent Correct Identification and Commission Errors for Enhanced Images

Image identification

Percent of identification, by crop

Percent correct:

1. Enhanced images-__ o ..

2. Optimum multidate photos (Infrared Ektachrome)

3. Concurrent 3-date photos (Infrared Ektachrome)_.._

Percent commission errors:

1. Enhanced images- -« oo

2. Optimum multidate photos (Infrared Ektachrome)

3. Concurrent 3-date photos (Infrared Ektachrome).___

Barley Cotton Alfalfa Sugar beets
86 81 92 62
66 84 70 32
82 ® 83 35
_____ 3 40 42 33
15 10 16 55
_____ 4 O] 21 72

® No data available.

(1) Barley.—Barley fields have a unique blue
color on the composite image prepared (March 12,
90 filter; May 21, 75 filter) to enhance that crop.
Percent correct identification of barley on the en-
hanced image (86 percent) is similar to results
obtained from concurrent interpretation of multi-
date photographs (82 percent). Also, only 3 per-
cent commission errors were made (i.e., in such
instances another crop was color coded in the
same manner as barley).

(2) Cotton.—Cotton fields appear on this en-
hanced image (March 12, 75 filter; September 30,
25 filter) as bright blue or mottled blue fields.
Percent correct identification for the enhancement
(81 percent) is similar to that from multidate inter-
pretation (84 percent), although commission
errors are much higher (40 percent) for the en-
hanced image.

(3) Alfalfa and sugar beets—Improvements in
identification of these crops were also noted from
a study of the enhancement made for these crops
(May 21, 35 filter; September 30, 90 filter).
Alfalfa appears very dark purple (not light purple
or lavender) and sugar beets are bright yellow.
Commission errors were higher for alfalfa and
lower for sugar beets using the enhanced image in
contrast to the multidate interpretation.

In conclusion, it can be said that the preparation
of color composite images using multidate photog-
raphy in an optical combiner system shows poten-
tial for increasing the accuracy with which crop
types can be distinguished. The preceding dis-
cussion contains examples of cases in which
interpretation results from enhanced images were
comparable to, if not better than, results from the

interpretation of multidate photographs. However,
no statistical evaluation is attempted because of
the differences in the manner in which the inter-
pretation tests were performed.

Enhancements From the Philco-Ford System

Enhancements were also made for improving
crop identification using the Philco-Ford image-
tone enhancement system (described in ch. 2). The
object was to isolate individual crop types by
giving them unique color signatures, using multi-
date black-and-white high-altitude aircraft images
as input material. Color Plate 8 contains examples
of the output of this system (images (a), (b), and
(¢)). Again, it must be noted that these are only
three of many possible combinations, and the re-
sults from examining these images are only repre-
sentative of the potential of the Philco-Ford system.
The meanings of the color signatures of the three
images are tabulated in table 3-5.

The data in table 3-5 indicate the percentage of
fields in each crop type that were color coded with
the colors indicated. For example, 49 percent of
the bare soil fields have a bright-green color and
40 percent of the bare soil fields have a mottled-
green color on image (a). Fields of no other crop
type have this color. In all, 89 percent of the bare
soil fields are thus color coded as some shade of
green. The data indicate that some crop types, but
not all, are easily distinguishable on particular
images—bare soil on images (a) and (b), barley on
image (c¢)-—by a characteristic color that is almost
exclusive for that crop. The fact that image (a) or
(b) is best for identifying bare soil and that image
(¢} is best for identifying barley reinforces earlier



34

TaBLE 3-5.—Color-Coded Fields, Philco-Ford Image-Tone Enhancement System

Percent of crop category

Image Color

Barley Alfalfa Bare  Sugar

soil beets
(@) March (Pan-25A)4April (Pan-25A) __._._._ Bright green_____._____ s 49 (..
Mottled green. . - e 40 _______._
Total L e e mmmmmmmmmcmmmeo 89 . __.____
(6) March (IR-89B)+April (IR-89B)..________ Yellow _ - e 83 ...
Red_ ... 3 32 ..
Brownish-green________.__._.__ 49 6 ...
Total . e ceeeee o 52 38 83 _______.
(¢) March (Pan-25A)+May (IR-89B)__________ Yellow. - o e __ 17 20 12
Brown. .o oo ... 90 ..o 6 ...
Total . e 90 17 26 12

Note.—See Color Plate 8 for the images described here.

statements that the choice of image dates is im-
portant for identifying specific crop types and that
techniques for manipulating the enhancement per-
mit an individual crop type to be clearly separated
from all others.

The overall interpretability of enhancements
made from the Philco-Ford system using Apollo 9
and high-altitude photography was also compared
(Color Plate 6(5)). The input images were sub-
jected to similar enhancement procedures so that
the effect of differing resolution of the input
images could be compared. The resulting images
show similar color signatures for the same fields,
suggesting that the difference between the enhance-
ments is primarily due to resolution differences.

Enhancements From the IDECS System

The IDECS system at the University of Kansas
was also used to prepare composite images, as de-
scribed in chapter 2. However, no multidate ma-
terial was used. Instead, multiband photographs
(Pan-25A, Pan-58, and IR-89B) taken on March
12 only were used to make the composite images
that appear in Color Plate 8, images (d) and (e).
These images were prepared to enhance a single
crop type from all others. Image (d) was pre-
pared to enhance the barley fields (blue). Image
(e) was prepared to enhance all bare soil fields

(pale blue). Comparison with the adjoining maps
in that figure gives the reader some indication of
how successful this technique is for separating one
crop type from all others as a unique color. The
low resolution of the IDECS images makes it diffi-
cult to evaluate them on a field-by-field basis. How-
ever, the flexibility of using the controls of this
device to select optimum density levels for en-
hancing specific features gives it great potential
for producing image enhancements of high inter-
pretability.

The examples from three image-enhancement
systems that have just been discussed indicate the
relative resolution of each system and the ability
of each device to differentiate one crop type from
another. These examples also illustrate how multi-
date enhancements can be prepared in much the
same manner as multiband enhancements, and
they offer the reader a means by which he can
evaluate the advantages and disadvantages of each
of three enhancement systems.

Interpretation Tests

To determine quantitatively the kinds of images
that are most useful for identifying crop types, an
interpretation test was prepared. The test consisted
basically of the following:

(1) Fifteen test images that included four film-



filter combinations from the Apollo 9 flight and
from the concurrent high-altitude mission that was
flown in March 1969, sequential high-altitude
photographs taken in the months of April and May
1969, and various multiband and multidate color
composites. In addition, Infrared Ektachrome
images were tested for dates judged optimum for
identifying certain types of crops.

(2) Twelve interpreters who looked at no more
than five of the test images; each test image was
interpreted by four interpreters.

(3) Seven crop categories. These consisted of
barley (B), recently cut alfalfa (A.), mature
alfalfa (An), wheat (W), sugar beets (SB), moist
bare soil (BSy), and dry bare soil (BSg). Cotton
and sorghum categories were also added for the
test, using photos judged optimum for identifica-
tion.

From the total population of fields within the
16-sq-mi agricultural test site at Mesa, several
from each crop type or category were selected as
training samples to familiarize interpreters with
field conditions within the test site. The training
samples were selected, after an examination of all
fields within a particular category, to represent
the range of variability exhibited by each category.
The location of each training sample is indicated
on the agricultural crop training map for March
12, 1969, in figure 3-21. This crop training map
was given to each photointerpreter so that he might
first study the appearance of each crop category on
the various kinds of imagery used in the test. Once
the photointerpreter had become familiar with the
appearance of training samples, he was asked to
identify the remaining unannotated fields within
the test site. Table 3-6 shows the test images of the
Mesa test site that were examined during the
course of the photointerpretation test.

To minimize familiarity with the test site, the
interpretation test was designed so that no inter-
preter would look at more than five of the 15 test
images. Of the five images examined by an inter-
preter, no more than two were selected either from
the black-and-white images, the Infrared Ekta-
chrome images, or the color composite images. (An
example of five images selected for an interpreter
might include test images 1, 5, 6, 10, and 13.) The
12 interpreters (all having had previous experi-
ence with similar interpretation tests) were assigned
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Fieure 3-21.—Agricultural crop training map. In the
design of the interpretation test to evaluate the agri-
cultural resource, certain fields were selected from the
population of known fields (shown in fig. 3-2) to be
used as training samples. These training samples were
selected as being representative of the range of vari-
ability that can be expected for a given crop type or
condition at one date. An interpreter preparing to take
the agricultural crop test first studied the tone or color
and texture of the training samples. Once he had
familiarized himself with the photoimage characteris-
tics for each crop type, he attempted to identify the
remaining fields not labeled on the training map.
Fifteen test images of the Mesa agricultural test site
(including black-and-white and Infrared Ektachrome
space and aerial photographs and color composites
made from the black-and-white photos) were examined
in the interpretation test. The results of these tests are
found in tables 3-7 to 3-16.

at random to interpret the various combinations of
test images (such as those listed in the example
above). By doing so, each test image was then
examined by four different interpreters. The inter-
pretation results (expressed as the cumulative num-
ber of fields seen by all four interpreters for each
test image) can be found in tables 3-7 through
3-15. These tables are so prepared as to facilitate
comparison of results from image types that are of
interest to this study. Table 3-16 is a summary
table that expresses in percentages the total correct
identifications for each image type and the correct
identifications for each category within each image

type.
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TaBLE 3-6.— Test Images Used in Photointerpretation
Test, Mesa Test Site, 1969

Test Where
image Imagery type Date tllustrated
no

| S Pan—25A, Apollo 9 Mar. 12 Color Plate 3

2. . IR-89B, Apolio 9 Mar. 12 Color Plate 3

3 Pan-25A, high Mar. 12 fig. 3-17
altitude

4 .. Pan-58, high altitude Mar. 12 fig. 3-17

5 s IR~89B, high Mar. 12 fig. 3-17
altitude

6. Infrared Ektachrome, Mar. 12 Color Plate 3
Apollo 9

7. Infrared Ektachrome, Mar. 12 Color Plate 3,
high altitude 5

8_ ... Infrared Ektachrome, Apr.23  Color Plate 5
high altitude

9______. Infrared Ektachrome, May 21 Color Plate 5
high altitude

10_____. FRSL color Mar. 12 Color Plate
composite, high 6(a)
altitude

| S FRSL color com- Mar. 12 Color Piate
posite, Apollo 9 6(a)

12______ Philco-Ford color Mar. 12 Color Plate
composite, high 6(b)
altitude

13_._.___ Philco-Ford color Mar. 12 Color Plate
composite, 6(5)
Apollo 9

14__.___ Multidate FRSL March, Color Plate 7
color composite May
(Pan-25A, high
altitude)

15.____. Infrared Ektachrome, March, Color Plate 5

high altitude; April,
images 7, 8, and 9 May
interpreted con-

currently

Interpretation Results

Within each of the tables that express interpre-
tation results (tables 3-7 through 3-15) the indi-
vidual test image interpretations are presented in
box form. Consequently the reader can compare
the results of identifying separate crop categories
by four interpreters (data along the rows) with the
actual ground truth (data down the columns).

First, with reference to image 1 (table 3-7), let
us consider the example in which the field actually
was barley and note how it was interpreted as being
by one or more photointerpreters. This is done by

looking vertically down the first column, marked
B for barley, in table 3—7. Note that 45 barley fields
were correctly identified as barley (B); 45 barley
fields were incorrectly identified as mature alfalfa
(Am); 13 barley fields were incorrectly identified
as recently cut alfalfa (A.); 17 barley fields were
incorrectly identified as sugar beets (SB) ; 5 barley
fields were incorrectly identified as wheat (W); 5
barley fields were incorrectly called moist bare soil
(BSm), and, finally, 1 barley field was incorrectly
called dry bare soil (BSq). Hence, of the 131 barley
fields, 45 were identified correctly, yielding a
percent-correct rating for barley of 34 percent. (See
table 3-16.) (The “percent correct identification”
for barley was computed by dividing the number
of barley fields identified correctly by the total
number of barley fields, and multiplying the quo-
tient by 100; 45/131 X 100 = 34 percent.) The
remaining 86 barley fields (sum of 45, 13, 17, 5,
5, and 1) are incorrect identifications called
OMISSION erTors.

Next, with reference to image 1 (table 3-7}, let
us consider what is the true identity of each field
that one or more of the interpreters called barley
(B). This is done by looking horizontally along the
first row, marked (B) for barley. Forty-five barley
fields were correctly identified as barley. However,
13 fields of mature alfalfa (Ap) were incorrectly
identified as barley; 10 recently cut alfalfa (A.)
fields were incorrectly identified as barley; and
finally, the interpreters twice incorrectly identified
sugar beets (SB) and wheat (W) as barley. Hence,
the interpreters identified a total of 72 fields of
barley, of which 45 were correct. The remaining 27
fields (sum of 13, 10, 2, and 2) which were in-
correctly called barley are called commission errors.
The cumulative number of actual barley fields in
the Mesa test site is 131 (33 actual fields X 4 inter-
preters = 132 total barley fields minus one over-
sight) .

In the overall summary shown in table 3-16, a
commission error of 37 percent is recorded for
barley as interpreted from image 1. This value was
computed by dividing the number of commission
errors made by the photointerpreters for barley
(27, as stated in the preceding paragraph) by the
number of barley fields seen by the interpreters and
multiplying the quotient by 100; thus 27/72 X
100 = 37 percent commission error. When the
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TaBLE 3-7.—Test Results Comparing the Interpretability of Agricultural Crop Types on Two Black-and-
W hite Film-Filter Combinations and Infrared Ektachrome Space Photos

Image 1: Pan-25A, Apollo 9, Mar. 12, 1969

Image 6: Infrared Ektachrome, Apollo 9, Mar. 12, 1969

Photointerpreter’s Ground truth Total Num- Photointerpreter’s Ground truth Total Num-
results fields ber of results fields ber of

B Am Ac SB W BSm BSa errors B Am Ac SB W BSm BSs errors

45 13 10 2 2 - 72 27 ) I, 6 21 1 4 92 26

45 34 11 15 1 ... 1 107 73 Amic e cccecccm e 31 33 2 3 71 38

13 5 37 3 1 12 8 79 42 Y VS 22 5 8 10 124 40

17 9 e S 30 26 ) - S 5 3 2 6 16 10

5 1 - [/ 6 6 Wt 7 2 ... 1 12 10

| — 27 s 33 22 87 54 B i e et —— 57 14

1 2 A, 7 37 54 17 BSde e 1 ... 3 - 64 13

Total fields. 131 64 92 24 4 52 68 435 ______
Incorrect... 86 30 55 20 4 19 31 ... 245

Total fields. 132 64 92 24 4 52 68 436 _.____
Incorrect_.. 66 31 8 18 2 9 17 ... 151

Total percentage correct identification: 43

Image 2: IR-89B, Apollo 9, Mar. 12, 1969

Photointerpreter’s Ground truth Total Num-
results fields ber of

B Am Ae SB W BSm BSq4 errors

35 13 .____ 2 4 s 54 19

46 37 11 ) S 89 58

25 14 54 7o 10 3 113 59

18 3 7 10 e 38 28

6 2 2 1 [/ 11 11

) S 2 ... 22 9 34 12

1 1 17 . 20 56 95 39

Total fields. 132 64 91 23 4 52 68 434 ______
Incorrect__..._ 97 33 37 13 4 30 12 ... 226

Total percentage correct identification: 47

percent commission error for a particular category
is relatively high, it means that other crop categor-
ies are frequently misidentified as the category in
question.

An overall rating of interpretability for each test
image is expressed as the total percentage of cor-
rect identifications for all categories. This value is
computed by ‘summing the correct identifications
for all categories (values in italic that form a
diagonal row, as in table 3-7 for example),
dividing this by the total number of fields and mul-
tiplying the result by 100. Thus an overall inter-
pretability rating for image 1 is seen to be 43
percent as read in the “‘percent correct” column of
table 3~16 and in the note to image 1 in table 3-7.

Table 3-7 also presents interpretation results
that will allow comparisons to be made between
the Apollo 9 black-and-white (Pan-25A and IR-
89B) and Infrared Ektachrome photographs (test

Total percentage correct identification: 65

NoTte.—Numbers in the bodies of tables 3-7 through
3-15 indicate the cumulative number of fields identified
by four interpreters. Numbers in italic indicate the num-
ber of fields identified correctly. To illustrate the use of
these tables, consider image 1 of this table. The numbers
in the upper left corner have the following significance:
45 of the known (from ground data) barley fields (B)
were correctly identified as barley by the interpretgrs; 34
mature alfalfa fields (Am) were correctly identified as
mature alfalfa. These 2 numbers are italicized. However,
45 of the known barley fields (first column, second row)
were incorrectly called mature alfalfa, and 13 of the
mature alfalfa fields were incorrectly called barley by the
interpreters. B = barley, Am = mature alfalfa, A, = re-
cently cut alfalfa, SB = sugar beets, W = wheat, BSn =
moist bare soil, BSq = dry bare soil.

images 1, 2, and 6), for identifying crop categories.
For overall interpretability the Infrared Ekta-
chrome photo (65 percent correct identification)
appears to be better than the two black-and-white
photographs, Pan-25A and IR-89B (43 and 47
percent, respectively), which themselves do not ap-
pear to be very different. The increase in interpre-
tability of the Infrared Ektachrome photograph is
attributable to the increased accuracy of identify-
ing recently cut alfalfa and bare soil categories.
Generally, however, the relatively low percentage
of correct identifications for barley, alfalfa, sugar
beets, and wheat suggest that they cannot be accu-
rately discriminated on any of the space photos
taken in early March. On the Infrared Ektachrome
space photo it nearly always was possible for inter-
preters to discriminate bare soil from fields con-
taining a growing cover Crop.

Table 3-8 presents interpretation results that
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TaBLE 3-8. Test Results Comparing the Interpretabili'y of Agricultural Crop Types on 2 Black-and-White
Space Photographs and on 2 Color Composites (FRSL and Philco-Ford) Made From the Black-and-

W hite Images

Iage 1: Pan-25A, Apollo 9, Mar. 12, 1969

Image 11: FRSL Color Composite, Apollo 9, Mar. 12, 1969

Photointerpreter’s Ground truth Total Num- Photointerpreter’s Ground truth Total Num-
results fields ber of results fields ber of

B Am Ac SB W BSm BSa errors B Am Ac SB W BSm BS4 errors

45 13 10 2 2 - 72 27 68 16

45 34 11 15 1 ... 1 107 73 81 48

13 5 37 3 1 12 8 79 42 101 44

17 9 ... L 30 26 45 40

5 ) S, [/ 6 6 5 5

5 eean 27 e 33 22 87 54 51 21

1 2 7 e 7 37 54 17 81 39

Total fields. 131 64 92 24 4 52 68 435

Total fields. 132 62 91 24 4 52 67 432

Incorrect... 86 30 55 20 4 19 31 ... 245 Incorrect... 80 29 34 19 4 22 25 ... 213
Total percentage correct identification: 43 Total percentage correct identification: 50
Image 2: IR-89B, Apollo 9, Mar. 12, 1969 Image 13: Philco-Ford Color Composite, Apollo 9, Mar. 12, 1969
Photointerpreter’s Ground truth Total Num- Photointerpreter’s Ground truth Total Num--
results fields ber of results fields ber of
B Am Ac SB W BSm BSd errors B Am Ac SB W BSm BSa errors
35 13 ... .. 2 4 - 54 19 32 10 7 2 ... 9 15 75 43
46 31 11 ) SN 89 58 21 25 5 1 1 3 .. 56 31
25 14 54 T oeee- 10 3 113 59 28 13 26 8 1 14 10 100 74
18 3 7 10 38 28 41 13 17 [ Z— 4 5 88 80
6 2 2 1 11 11 3 1 aes 2 e 6 4
1 oo 2 ... 34 12 6 1 24 3 ... 72 ... 46 34
1 1 17 ceeeeo 95 39 1 1 13 2 ees 10 38 65 27
Total fields. 132 64 91 23 4 52 68 434 __.___ Total fields. 132 64 92 24 4 52 68 436 ___...
Incorrect... 97 33 37 13 4 30 12 ..__.. 226 Incorrect.._ 100 39 66 16 2 40 30 ...... 293

Total percentage correct identification: 47

permit comparison of the two black-and-white
space photos (Pan-25A and IR-89B) and two
color composites (FRSL and Philco-Ford) made
from them. Noting first the overall interpretability
ratings, one might conclude that there is a slight
improvement in interpretability on an FRSL color
composite versus the two black-and-white space
photos; however, these differences are probably
not significant. The low rating for the Philco-Ford
color composite suggests that this particular com-
posite, which represents only one of an infinite
number of possible composites, did not in fact en-
hance the interpretability of the various crop cate-
gories. Again, since the overall interpretability
ratings for these four images are relatively low (i.e.,
50 percent and below), it is concluded that accu-
rate category discrimination is not well performed
from these space images obtained in March 1969.

Total percentage correct identification: 32
Nore.—See table 3-7 for explanation of data.

Table 3-9 presents the interpretation results
comparing an Apollo 9 Infrared Ektachrome pho-
tograph with two color composites made from the
black-and-white Apollo 9 photographs. The In-
frared Ektachrome photograph appears to be more
interpretable than the color composites, judging
from the total percent correct identifications for
all categories (65 percent versus 50 and 32 per-
cent). Again, the increase can be attributable to
the fact that recently cut alfalfa (A.) and bare
soil (BS) are readily identified on the Infrared
Ektachrome photograph.

Table 3-10 compares the interpretation results of
the four film-filter combinations (Pan-25A, Pan-58,
IR-89B, and Infrared Ektachrome) procured by a
high-altitude aircraft at the same time as the Apollo
9 mission. It is of interest to note that the overall
interpretability rating of these film-filter combina-



TaBLE 3-9.—Test Results Comparing the Inter-
pretability of Agricultural Crop Types on an
Infrared Ektachrome Space Photograph, an
FRSL Color Composite, and a Philco-Ford Color
Composite

Image 11: FRSL Color Composite, Apollo 9, Mar. 12, 1969

Photointerpreter’s Ground truth Total Num-
results fields ber of

B Am A SB W BSm BSa errors

) 52 10 __.__ 3 3 e 68 16
Amo oo 30 33 10 5 1 ... 2 81 48
Acom . 19 10 57 11 ___.._____ 4 101 44
SBo e 27 8 5 [ 45 40
W eeos 4 1 coecceoe- [/ R 5 5
BSmo oo 2 eeee 30 19 51 21
BSA e 17 ool 2 42 81 39

Total fields. 132 62 91 24 4 52 67 432 _____.
Incorrect... 80 29 34 19 4 22

Total percentage correct identification: 50

Image 13: Philco-Ford Color Composite, Apollo 9, Mar. 12, 1969

Photointerpreter’s Ground truth Total Num-
results fields ber of

B Am Ac SB W BSm BS4 errors

) : S, 32 10 7 2 - 9 15 75 43
Ameceocccnaeao 21 25 5 1 1 I 56 31
Ao __ 28 13 26 8 1 14 10 100 74
SB. e - 41 13 17 [ 4 5 88 80
Wil 3 1 oo 2 . 6 4
BSmocoiacceeeaen 6 1 24 3 .- 12 .o . 46 34
BSdoecomceaoaa 1 1 '13 2 e 10 38 65 27

Total fields. 132 64 92 24 4 52 68 436 _..._.
Incorrect... 100 39 66 16 2 40 30 -..... 293

Total percentage correct identification: 32

Image 6: Infrared Ektachrome, Apollo 9, Mar. 12, 1969

Photointerpreter’s Ground truth Total Num-
results fields ber of

B Am Ac SB W BSm BSa errors

- S 66 21 1 R 92 26
Ameeccemmmceaan 31 33 2 3 2 e ! 38
. P 22 5 8 10 ______.___. 3 124 40
(3 J R, 5 3 2 [ 16 10
W memeeeeam 7 2 ... 1 2 e 12 10
BSfpocccmmmmcceaarc e memmmmm— e 43 14 57 14
BSd--cmmmemmaeaas 1 e j R, 9 51 64 13

Total fields. 132 64 92 24 4 52 68 436 __.._._.
Incorrect_.. 66 3t 8

Total percentage correct identification: 65
NoTE.~—See table 3-7 for explanation of data.
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tions is essentially the same whether the photo-
graphs were obtained from an aircraft or a
spacecraft (compare results of table 3-7 with
3-10). The Infrared Ektachrome photograph is
more interpretable than any of the black-and-white
photographs when the images are studied individ-
ually. The overall interpretability of the three types
of black-and-white aerial photography is about the
same {47 percent versus 41 percent versus 45 per-
cent for Pan-25A, Pan-58, and IR-89B). The
infrared-sensitive films (IR-89B and Infrared
Ektachrome) are more useful for discriminating
bare soil from cover crops, but all the film-filter
combinations are rather unreliable for separating
the various cover crops. When the photos are
studied individually, the Infrared Ektachrome
photo is best for identifying recently cut alfalfa
fields and bare soil.

Table 3-11 compares the interpretation results
of three black-and-white aerial photographs with
a color composite made by the FRSL optical com-
biner. It is apparent from the overall interpreta-
bility ratings of these four images that the color
composite is more interpretable than the individual
black-and-white bands.

Table 3-12 provides an opportunity to compare
the test results of an Infrared Ektachrome high-
altitude aerial photograph with three color com-
posites; two of them made using black-and-white
images on different enhancement systems (FRSL
and Philo-Ford} and the other made using two Pan-
25A images taken in March and in May. A com-
parison of the Infrared Ektachrome photograph
with the FRSL color composite shows that there is
little difference in overall interpretability (64 per-
cent versus 58 percent). The Infrared Ektachrome
photograph, however, is slightly better for discrimi-
nating bare soil from the cover crops. The overall
interpretability rating for the Philco-Ford color
composite is lower than that for either of the pre-
viously discussed images. This may be due in part
to lower resolution of the image, or perhaps to
using a less-than-optimum color composite for dis-
criminating crop categories.

The multidate color composite is of particular
interest because an obvious improvement in inter-
pretability was achieved on this image (76 percent
correct identification) compared to the other three
images, by virtue of the addition of the time di-
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TaBLE 3-10.—Test Results Comparing the Interpret ability of Agricultural Crop Types on 3 Black-and.
White Infrared Ektachrome High-Altitude Aerial Photographs

Image 3: Pan-25A, High Altitude, Mar. 12, 1969

Image 5: IR-89B, High Altitude, Mar. 12, 1969

Photointerpreter’s Ground truth Total Num- Photointerpreter’s Ground truth Total Num-
results fields ber of results fields ber of

B Am Ac SB W BSm BSa errors B Am Ac SB W BSm BS errors

71 27 43 20 2 4 74 31

88 53 38 34 16 7 - 97 63

69 32 13 1 38 4 . 69 31

47 37 30 3 17 56 50

6 6 7 6 2 18 18

52 30 BSmoic i cece——————— 55 17

100 41 ) S 17 65 26

Total fields. 130 64 92 23 4 52 68 433

Total fields. 132 64 92 24 4 50 68 434

Incorrect... 86 29 55 13 4 30 9 e 226 Incorrect_.. 89 30 54 18 4 12 29 _.___. 236
Total percentage correct identification: 47 Total percentage correct identification: 45

Image 4: Pan-58, High Altitude, Mar. 12, 1969 Image 7: Infrared Ektachrome, High Altitude, Mar. 12, 1969

Photointerpreter’s Ground truth Total Num- Photointerpreter’s Ground truth Total Num-

results fields ber of resules fields ber of

B Am Ac SB W BSm BS4 errors B Am A¢ SB W BSm BSq4 errors

39 14 16 1 3 ) S 74 35 22

26 28 4 4 ... 4 .. 66 38 46

37 11 52 19 ... 20 1t 150 98 37

14 4 1 [/ B 6 3 28 28 31

5 1 1 ... A, 8 7 6

7 6 T oo 77 3 34 23 0

4 ... 10 ___._.__ 10 57 75 24 23

Total fields. 132 64 91 24 4 52 68 435 ______ Total fields_ 132 64 90 24 4 52 67 433 ______

Incorrect... 93 36 39 24 3 41 17 ... 253 Incorrect_... 89 28 18 13 4 13 0 ... 152

Total percentage correct identification: 41

mension. The multidate color composite (Color
Plate 7) is composed of a Pan-25A image taken in
March and a Pan-25A image taken in May. On
the May image, most of the barley fields exhibit a
distinctive signature that enables an interpreter to
improve his accuracy for identifying barley. In
turn, the interpreter increased the correct identifi-
cations for alfalfa; thus, the overall rating was in-
creased. When such an image, e.g., May, Pan-25A,
is among those used in making a multidate color
composite, the effect is to increase the overall in-
terpretability of that image when compared to
images made at some other date (e.g., March)
when discrimination among crops is difficult.
Table 3-13 contrasts the results of two black-
and-white photos (Pan-25A and IR-89B) obtained
from Apollo 9 with those same bands obtained from
the high-altitude aircraft. The interesting conclu-
sion based upon their overall interpretability ratings

Total percentage correct identification: 64
NotEe.—See table 3-7 for explanation of data.

is that, for discriminating crop categories, there is
little difference between the black-and-white space
photographs and the black-and-white aerial photos
obtained in March. The overall interpretability
ratings are remarkably similar (43, 47, 47, and 45
percent).

Table 3—14 compares the interpretation results of
the space and aerial photographs that were ob-
tained with Infrared Ektachrome film on March
12, 1969. Notice that here, too, the overall inter-
pretability ratings for these two images, expressed
as the total percent correct identifications for all
categories, are nearly the same (65 percent versus
64 percent). This suggests that Infrared Ekta-
chrome space photographs are as interpretable as
aerial photographs for the identification of crop
categories in March. For both image types the bare
soil category (see table 3-16) is almost always
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TABLE 3-11.—Test Results Comparing the Interpretability of Crop Types on 3 Black-and-White Film-
Filter Combinations (High-Altitude Aircraft) and a Color Composite (FRSL Optical Combiner)

Made From the Same Film-Filter Combinations

Image 3: Pan-25A, High Altitude, Mar. 12, 1969

Image 5: IR-89B, High Altitude, Mar. 12, 1969

Photointerpreter’s Ground truth Total Num- Photointerpreter’s Ground truth Total Num-
results fields ber of results fields ber of

B Am Ac: SB W BSm BSa errors B Am Ac SB W BSm BSa errors

44 17 4 " 27 20 2 4 4 ... 1 74 31

43 35 9 88 53 34 16 7 oeea- 1 1 97 63

10 1 37 69 32 1 38 4 ... 3 10 69 31

20 1 6 47 37 3 17 [ . 56 50

5 eeeeee 6 6 [3 2 3 [/ P 18 18

5..... 18 52 30 BSmio i ceeceimeeeas 33 17 55 17

3 18 100 41 BSdocccccmiaooo-- 1 ool 17 L. 8 39 65 26

Total fields. 130 64 92 23 4 52 68 433

Total fields. 132 64 92 24 4 50 68 434

Incorrect... 86 29 55 13 4 30 9 e 226 Incorrect... 89 30 54 18 4 12 29 ____. 236
Total percentage correct identification: 47 Total percentage correct identification: 45
Image 10: FRSL Color Composite, High Altitude, Mar. 12, 1969
Image 4: Pan-58, High Altitude, Mar. 12, 1969
Photointerpreter’s Ground truth Total Num-
Photointerpreter’s Ground truth Total Num- results fields ber of
results fields ber of B An Ac SB W BSm BS4 errors
B Am Ac errors
11
39 14 16 74 35 82
26 28 4 66 38 34
37 1 52 150 98 9
14 4 1 28 28 4
5 1 1 8 7 2
7 6 7. 34 23 17
4 .. 10 75 24
Total fields. 132 64 92 23 4 51 68 434 ______
Total fields. 132 64 91 24 4 52 68 435 ______ Incorrect... 85 13 35 18 4 13 11 ______ 179
Incorrect... 93 36 39 24 3 41 17 .. 253

Total percentage correct identification: 41

discriminated from cover-crop categories, but
cover crops are not accurately differentiated.
Table 3-15 shows the interpretation results from
three Infrared Ektachrome aerial photographs,
taken in March, April, and May, analyzed both
separately and concurrently. Of the three images
taken on different dates, the image obtained in
May gave the highest overall interpretability rating.
This is ascribed to the increased ability to identify
barley fields, which have a unique color signature
at that date. Nevertheless, there is slightly more
misidentification of bare soil with recently cut
alfalfa fields than exists on the March or April
images. Also, as has been indicated earlier, the in-
creased ability to identify one crop, in this case
barley, also increases the ability to separate and
identify other crops, e.g., alfalfa, which at an ear-
lier date may have been confused with barley.
When all three Infrared Ektachrome images

Total percentage correct identification: 58
Nore.—See table 3-7 for explanation of data.

from the three dates were examined concurrently
by four interpreters, the highest overall correct
identifications for all crop categories was obtained.
For this particular test the interpreters were asked
to identify the crop category that existed in March,
based upon the sequential changes that had taken
place during the 2-month interval between the
March and May photographs. Not only were the
percentages of correct identifications high for
barley, alfalfa, and bare soil, but also the commis-
sion errors were low. Hence, the conclusion based
upon the images compared in table 3-15 is that
when sequential images are interpreted in concert,
acceptably high correct identifications of crop cate-
gories can be made on very-high-altitude aerial
photos. From a comparison of the results obtained
by interpreting space with aerial photos, as sum-
marized in tables 3—-13 and 3-14, it is again con-
cluded that interpretation of sequential images



42

TaBLE 3-12.—Test Results Comparing the Interpretability of Agricultural Crop Types on an Infrared
Ektachrome High-Altitude Aerial Photograph, an FRSL Color Composite, a Philco-Ford Color Com-
posite, and a Color Composite Made From Pan-25 Photos Taken in March and May

Image 7: Infrared Ektachrome, High Altitude, Mar. 12, 1969

Photointerpreter’s Ground truth Total Num-
results ficlds ber of
B Am A: SB W BSm BSa errors

43

38

24

24

Total fields. 132

Incorrect... 89 28 18 13 4 13 0 __.... 152

Total percentage correct identification: 64

Image 14: Multidate Color Composite, FRSL Optical Combiner,
High Altitude, Mar. 12 and May 21, 1969

Photointerpreter’s Ground truth Total Num-
results fields ber of
B Am Ac SB W BSm BS4 errors

702 1

7 113

1 3

3 1

5 34
" Total fields. 118 152 ____. 24 4 127 ___.. 425 ______
Incorrect.-.. 16 39 _.._. 24 4 15 feeeae- 98

Total percentage correct identification: 76

from space could, indeed, provide an acceptably
high accuracy of crop identifications.

Now that the results of the interpretation test
have been presented in terms of comparisons among
certain of the test images (those compared in
tables 3-7 to 3-15), it is important for us to recog-
nize that specific conclusions based upon test
results cannot automatically be drawn for some of
the test images. As an example, consider test image
14, called a “multidate color composite.” This par-
ticular composite was made using two Pan-25A
photographs: one taken in March and the other in
May. It represents only one out of innumerable
composites that could be made from the combina-
tions of black-and-white bands (Pan-25A, Pan-58,
and IR-89B), dates of photography (March, April,

Image 10: Color Composite FRSL Optical Combiner, High Altitude,

Mar. 12, 1969
Photointerpreter’s Ground truth Total Num-
results fields ber of
B Am As SB W BSa BS4 errors
1
82
34
9
4
22
17
Total fields. 132 64 92 23 4 51 68 434 ______
Incorrect... 85 13 35 18 4 13 11 ..., 179

Total percentage correct identification: 58

Image 12: Color Composite, Philco-Ford, High Altitude, Mar. 12, 1969

Photointerpreter’s Ground truth Total Num-
results fields ber of
B Am Ac SB W BSm BSd errors
30 6 oeo-- 1 | 38 8
45 42 9 3 2 eees 101 59
24 3 43 14 o........ 3 87 44
16 10 1 2 e cecceeaens 29 27
7 2 ... 2 . 12 11
6 ceee- 27 2 .. 36 19 90 54
1 1 12 caal 16 46 76 30

Total fields. 129 64 92 24 4 52 68 433 __..__
Incorrect... 99 22 49 22 3 16 22 ...... 233

Total percentage correct identification: 46
Note.—See table 3-7 for explanation of data.

May, August, etc.), and enhancement filters that
could be selected to make multidate enhancements.
Hence, before concluding that the multidate en-
hancement (image 14) is more or less interpretable
than some other image (film-filter combination or
color composite), it should be remembered that we
are dealing with a single combination, and any
other combination may be less interpretable or
more interpretable, depending upon the selection
of the spectral band, date of the photo, and com-
bination of enhancement filters. The same kind of
consideration must be given when evaluating the
interpretation results for the “multiband color
composites.” For these, the interpretability of the
color composite likewise is a function of the over-
all interpretability of the individual bands used to
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TaBLE 3-13.—Test Results Comparing the Interpretability of Agricultural Crop Types on 2 Black-and-
White Space Photographs (Pan-254, IR-89B) with 2 Black-and-White High-Altitude Aerial Photo-

graphs (Pan-254, IR-89B)

Image 1: Pan-25A, Apollo 9, Mar. 12, 1969

Image 3: Pan-25A, High Altitude, Mar. 12, 1969

Photointerpreter’s Ground truth Total Num-
results fields ber of

B Am A SB W BSa BSa errors

72 27

107 73

79 42

30 26

6 6

87 54

54 17

Total fields. 131 64 92 24 4 52 68 435 ___._.
Incorrect... 86 30 55 20 4 19 31 _.._.. 245

Photointerpreter’s Ground truth Total Num-
results fields ber of

B Am Ac SB W BSm BSa errors

71 27

88 53

69 32

47 37

6 6

52 30

100 41

Total fields. 130 64 92 23 4 52 68 433 ______
Incorrect._. 86 29 55 13 4 30 | 226

Total percentage correct identification: 43

Image 2: IR~89B, Apollo 9, Mar. 12, 1969

Total percentage correct identification: 47

Image 5: IR-89B, High Altitude, Mar. 12, 1969

Photointerpreter’s Ground truth Total Num- Photointerpreter’s Ground truth Total Num-
results fields ber of results fields ber of

B Am Ac SB W BSm BSa errors B Am Ac SB W BSyn BSa errors

54 19 43 20 2 4 4 ... 1 74 31

89 58 38 34 16 Y U 1 1 97 63

113 59 13 1 38 4 ... 3 10 69 31

38 28 30 3 17 [, 56 50

1 11 7 6 2 3 [/ 18 18

34 12 BSmecoo oo e ccemcmccceae- 38 17 55 17

95 39 1 ... 17 e 8 39 65 26

Total ficlds. 132 64 91 23 4 52 68 434 ______
Incorrect-.. 97 33 37 13 4 30 12 ... 226

Total fields. 132 64 92 24 4 50 68 434 ______
Incorrect_.. 89 30 54 18 4 12 29 ... 236

Total percentage correct identification: 47

Total percentage correct identification: 45
NoTr.—Sce table 3-7 for explanation of data.

TaBLE 3-14.—Test Results Comparing the Interpretability of Agricultural Crop Types on an Infrared
Ektachrome Space Photograph with an Infrared Ektachrome High-Altitude Aerial Photograph

Image 6: Infrared Ektachrome, Apollo 9, Mar. 12, 1969

Image 7: Infrared Ektachrome, High Altitude, Mar. 12, 1969

Photointerpreter’s Ground truth Total Num- Photointerpreter’s Ground truth Total Num-
results fields ber of results fields ber of
B Am As SB W BSm BS4 errors B Am Ac SB W BSm BSa errors

26 443 17 1 ... 4 el 65 22

38 38 36 6 2 o eccimann 82 46

40 24 3 72 10 .. 109 37

10 24 5 2 77 .. 42 31

10 2 3 e 1 6 6

14 BS e oo ccmcemciecicceean 39 0

13 1 ... 9 cicaea 90 23

Total fields. 132 64 92 24 4 52 68 436 _..._. Total fields. 132 64 90 24 4 52 67 433 _____.
Incorrect-.. 66 31 8 18 2 9 17 ... 151 Incorrect_.. 89 28 18 13 4 13 0 .. 152

Total percentage correct identification: 65

Total percentage correct identification: 64
Norg.—See table 3-7 for explanation of data.
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TaBLE 3-15.—Test Results Comparing the Interpretability of Agricultural Crop Types on Infrared Ek-
tachrome Aerial Photographs Taken in March, April, and May, With These Images Interpreted in

Concert

Image 7: Infrared Ektachrome, High Altitude, Mar. 12, 1969

Image 9: Infrared Ektachrome, High Altitude, May 21, 1969

Ground truth

Photointerpreter’s Total Num- Photointerpreter’s Ground truth Total Num-

results fields ber of results fields ber of

B Am Ac SB W BS errors B Am A: SB W BSm errors

43 17 1 22 Boceooiooael 108 e 3 ... 4 - 115 7

38 36 6 46 21 [ 2, - 79 29

24 3 72 37 46 2 4 12 ____. 71 25

24 5 2 31 17 8 - 4 .. 38 30

2 3 . 6 W mmdml- 0 4 ... 4 4

1 ... 9 10 16 3 ... 02 ... 127 25

Total fields. 132 64 90 24 4 119 ..., 433 (... Total fields. 120 60 100 24 4 126 ... 434 ___.__

Incorrect.-- 89 28 18 13 4 [P 152 Incorrect... 12 10 54 16 4 24 . ... 120

Total percentage correct identification: 64 Total percentage correct identification: 72

Image 8: Infrared Ektachrome, High Altitude Apr. 23, 1969 Image 15: Concurrent Interpretation of Images 7, 8, and 9

Photointerpreter’s Ground truth Total Num- Photointerpreter’s Ground truth Total Num-

results fields ber of results fields ber of

B Am Ac SB W BSm erros B Am Ac SB W BSn errors

68 8 8 2 ... 3 .- 89 21 1 2 e cceein 111 4

12 32 3 11 [ P 89 57 6 7 3 1 ... 80 30

4 20 32 3 s 1 ... 60 28 70 6 ... ) S 84 14

18 4 6 8 1 ) 38 30 8 - S, 29 21

13 3 e [/ A 16 16 W ooaeoil 1 el F . 2 1

4 1 8 imeeo- 175 ..__. 128 13 | J . 776 - _-. 126 10

Total fields. 119 68 85 24 4 120 ... 420 ... Total fields. 130 64 93 23 4 118 ___.. 432 ...

Incorrect.-. 51 36 53 16 4 | I, 165 Incorrect... 23 14 23 15 3 2 80

Total percentage correct identification: 60

Total percentage correct identification: 81

No7E.—See table 3-7 for explanation of data.

TABLE 3~16.—Percent-Correct (and Percent-Commission-Error) Identifications for Individual and Overall Crop Types
i an Interpretation Test of the Mesa Test Site, 1969

Test Total Barley Mature Cut Alfalfa Sugar beets
image Imagery type Date percent alfalfa alfalfa
no. correct
Cor. Com. Cor. Com. Cor. Com, Cor. Com. Cor. Com.
| Pan-25A, Apollo 9 Mar. 12 43 34 37 53 68 40 53 56 53 16 86
2 ... IR~-89B, Apollo 9 Mar. 12 47 27 3 48 65 59 52 71 48 43 74
K S Pan-25A, high altitude Mar. 12 47 34 38 55 60 40 46 53 47 43 79
4_ Pan-58, high altitude Mar. 12 41 30 47 44 58 57 65 61 50 0 100
S J IR~89B, high altitude Mar. 12 45 33 42 53 65 41 45 57 46 25 89
6. Infrared Ektachrome, Mar. 12 65 50 28 52 54 91 33 8 3¢ 25 62
Apollo 9
7. Infrared Ektachrome, Mar. 12 64 33 3 56 56 80 34 76 38 46 74
high altitude
S Infrared Ektachrome, Apr. 23 60 57 24 47 64 38 47 75 22 33 79
high altitude
9. ... Infrared Ektachrome, May 21 72 90 6 83 37 4 35 72 21 40 79

high altitude
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TaBLE 3-16 (Cont.)—Percent-Correct (and Percent-Commission-Error) Identifications for Individual

and Ouerall Crop Types in an Interpretation Test of the Mesa Test Site, 1969

Test Total Wheat  Bare soil, Baresoil, Baresoil  Cereal
image Imagery type Date percent moist dry
no. correct
Cor. Com. Cor. Com. Cor. Com. Cor. Com. Cor. Com,
10..__.___ FRSL color composite, Mar. 12 58 3% 19 80 62 62 37 81 43 22 64
high altitude )
1no._.___.. FRSL color composite, Mar. 12 50 39 24 53 59 63 4 72 39 21 89
Apollo 9
12___ ... Philco-Ford color com- Mar. 12 46 23 21 66 58 47 51 62 35 8 93
posite, high altitude
13 .. Philco-Ford color com- Mar. 12 33 24 57 39 55 28 74 4 55 33 91
posite, Apolio 9
| & Multidate FRSL color March, 76 86 K 74 29 0 100
composite (Pan-25A, May
high altitude)
15 ... Infrared Ektachrome, high  March, 81 82 4 78 37 75 17 83 21 35 72
altitude; images 7, 8, and April,
9 concurrently May
Test Total Wheat Baresoil, Baresoil, Baresoil Cereal
image Imagery type Date percent moist dry
no. correct
Cor, Com. Cor. Com. Cor. Com. Cor. Com. Cor. Com.
| S Pan-25A, Apollo 9 Mar. 12 43 0 100 63 62 54 31 83 29 39 33
2 . IR-89B, Apollo 9 Mar. 12 47 0 100 42 35 82 41 89 17 42 27
K JE Pan-25A, high altitude Mar. 12 47 0 100 42 58 87 41 838 30 40 31
4. Pan-58, high altitude Mar. 12 41 25 88 21 68 75 32 62 31 35 41
s JR IR-89B, high altitude Mar, 12 45 0 100 76 31 57 40 86 15 40 41
6_ .. Infrared Ektachrome, Mar. 12 65 50 83 83 25 75 20 98 3 83 27
Apollo 9
T Infrared Ektachrome, Mar. 12 64 0 100 75 0 100 26 100 7 36 30
high altitude
8. ... Infrared Ektachrome, Apr. 23 60 0 100 ... 96 10 66 22
high altitude
G Infrared Ektachrome, May 21 72 0 100 ... 81 20 87 9
high altitude
100....__- FRSL color composite, Mar. 12 58 0 100 75 37 84 23 100 11 37 19
high altitude
) B S, FRSL color composite, Mar. 12 50 0 100 58 41 63 48 97 14 43 19
Apollo 9
120 ... __ Philco-Ford color com- Mar. 12 46 25 92 69 60 68 39 98 29 29 22
posite, high altitude
13 .- Philco-Ford color com- Mar. 12 33 50 67 23 74 56 42 42 54 27 54
posite, Apolio 9
14_ .- Multidate FRSL color March, 76 0 100 o .. 88 26 86 33
composite (Pan—25A, May
high altitude)
15 ceeceon Infrared Ektachrome, high  March, 81 25 50 ... 98 8 8l 3
altitude; images 7, 8, and  April,
9 concurrently May

Cor =percent correct; Com =percent commission.

NotE.—Space photographs, sequentially obtained aerial photographs, and corresponding color composites were examined
by 12 photointerpreters. This table summarizes tables 3-7 through 3-15.
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make the composite, the actual combination of
bands used, and the enhancement filters chosen. So
here, too, the particular composite used in the in-
terpretation test described in this chapter may not
be optimum; hence the reader is cautioned against
accepting test results for composites as representing
the optimum for interpretability of color com-
posites.

Finally, the interpretation results from the 15 test
images can be compared visually by graphing the
percent of correct identifications for crop categor-
ies against the percent of commission errors (fig.
3-22).

In this graph, barley, alfalfa (both recently cut
and mature), and bare soil (moist and dry soil
combined) are represented as circles, squares, and
triangles, respectively. Each number corresponds
to the test-image number. A casual look at the
graph shows that on most of the test images, barley
was correctly identified between 25 and 60 percent
of the time; three test images (15, 14, and 9) show
barley correctly identified more than 80 percent
of the time. Also, for most of the test images, inter-
preters incurred a 20- to 60-percent commission
error in attempting to identify barley. For the
alfalfa category, interpreters identified most of the
fields between 45 and 80 percent of the time, in-
curring about the same commission error as for
barley. Most of the bare-soil category was identified
correctly more than 80 percent of the time; and
commission errors were considerably less than for
barley or alfalfa.

An example of what this graph indicates, then,
is that test images obtained in March or April do
not successfully discriminate barley fields (only 25
to 60 percent of the barley fields were identified).
However, test images that consist of photos ob-
tained in May (15, 14, and 9) were best for dis-
criminating barley fields, yielding 80 percent or
better correct identification for barley.

Improvement in identifying alfalfa (over that
of barley) is attributable to the fact that recently
cut alfalfa fields were for the most part readily
identifiable. The commission error was high for
alfalfa and barley partly because mature alfalfa
and barley, in March, were frequently confused
with each other. The most acceptable test image
for identifying alfalfa was 15, the test in which
March, April, and May Infrared Ektachrome

100 4

80

4 e a
J 8 F

PERCENT COMMISSION ERROR

20 40 60
PERCENT CORRECT IDENTIFICATION

Ficure 3-22.—This graph shows the relative interpreta-
bility of barley (circles) ; alfalfa, both recently cut and
mature combined into one category (squares); and
bare soil, both moist and dry combined (triangles) on
each of the 15 test images examined in the interpre-
tation test. Numbers pertain to the image types
appearing in table 3-16. The reader should note in
particular those test image numbers that permit inter-
preters to correctly identify crop categories with a high
percentage of correct identifications, while incurring a
low percentage of commission errors. Test image 15, for
example, is the test image judged to be the most inter-
pretable for all agricultural categories. Test image 15
represents the results for interpreting concurrently
three high-altitude Infrared Ektachrome photographs
obtained in March, April, and May, 1969. The data
for preparing this graph came from table 3-16.

images were interpreted in concert. One might
conclude from this that the changing pattern of
alfalfa fields (from mature, to cut, to mature) is
an aid to identifying it; hence, sequentially ob-
tained photos (images) would understandably give
higher correct identifications.

In the case of bare soil, most of the test images
were acceptable for discriminating bare soil from
all other categories of cover crops. It may also be
of interest to note that those test images on which
bare soil was identified with an accuracy of greater
than 80 percent, with less than a 20-percent com-
mission error, contain an infrared-sensitive film.

This graph also is useful for quickly showing
those test images that provide an acceptable level
of correct identification and an acceptable commis-



sion error for a crop category of interest to the
ultimate user. If, as an example, the criteria for
making an agricultural census were 80-percent-or-
better correct identification and less than 20 per-
cent commission error, then test image 15 probably
would be of most interest.

Finally, and not too surprisingly, we find that
agricultural categories are best identified on sequen-
tially obtained images.

Subsequent to completing the test just discussed,
a group of photointerpreters was asked to examine
various combinations of Infrared Ektachrome
prints from dates judged optimum for discriminat-
ing each major crop type. Different sets of photo-
graphs were used for identifying: (1) barley, (2)
cotton, (3) grain sorghum (milo), and (4) alfalfa
and sugar beets (one test for these two crop types).
These dates were chosen by examining the signa-
tures of crops on various dates and by using the
crop calendar (fig. 3-18) to predict when changes
in crop development might permit discrimination
of particular crops. These photos included some
not used in the previous test. Images taken on the
dates indicated below were selected as being opti-
mum for identifying the particular crop types for
the reasons indicated:

(1) April 23 and May 21. Mature barley has
a unique signature at this time of the year which
permits the crop to be identified on photographs of
these two dates {(Color Plate 5, for example).

(2) May 21 and September 30. Two crop
types, alfalfa and sugar beets, can be identified on
these images. Two types of vegetation are distin-
guishable on a May 21 image: (1) bright-red color
= mature alfalfa or sugar beets; (2) pinkish-gray
color (various shades) = recently cut alfalfa. Con-
firmation of alfalfa versus sugar beets for the fields
in the first category is made by checking these fields
on a September 30 image to determine if the field
is vegetated (bright red), in which case it is alfalfa,
or nonvegetated, in which case it is bare soil in a
field that was recently occupied by sugar beets but
which now has been harvested and tilled. Color
Plate 5 contains an example of alfalfa and sugar
beets. The ground data maps for May 21 (fig. 3-4)
and September 30 (fig. 3-8) can also be used to
locate other such fields.

(3) March 12 and September 30. Most fields
which contain bare soil in March will be planted
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to cotton later in the year. No other fields will be
planted with this crop. Thus one can predict where
cotton will be planted by locating bare soil fields
(BSq and BSy) on a March 12 photograph. After
the cotton crop is well established, one can check to
determine if the predicted fields were actually
planted to cotton. This is done by studying the
predicted fields on a September 30 photograph and
looking for the following: (1) bright-red color =
vegetated field (cotton), (2) reddish-brown color
— vegetated field (milo), and (3) light or dark
gray (various shades) = bare soil. In this way,
noncotton fields can be discriminated from cotton
fields.

(4) September 30. Milo (grain sorghum) can
be identified on an image from this date by its
characteristic dark-red to reddish-brown color. The
ground data from figure 3-8 can be used to locate
examples of milo fields on the September 30 image
in Color Plate 5.

Table 3-17 presents the results of the interpreta-
tion tests by each interpreter on the five crops dis-
cussed. Data from these tests were not as encourag-
ing as expected. In every case, accuracy was
slightly less than when some other image was inter-
preted, for certain crop types.

The results for one interpreter were far lower
than for the other interpreters. If interpreters had
been chosen on the basis of performance on tests
of this type, perhaps results could have been im-
proved. The same statement, of course, can be
made with regard to other interpretations per-
formed on images of a single date. Some inter-
preters commented, after studying their completed
work with the correct answers at hand, that the
training examples did not contain the full range of
variability of the crop being identified. Even so,
most interpreters seemed able to do a very satis-
factory job. Acquiring greater familiarity with
multiple-image tests of this type was also mentioned
as a means of increasing accuracy of identification,
because the interpreters had not worked extensively
with multidate images in the past.

Detection of Crop Vigor

Some investigations are underway to determine
the extent to which crop vigor can be determined
using high-altitude photography. The most easily
recognized evidence of vigor problems is that re-
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TasLE 3-17.—Interpretation Results From Analysis of Nikon Infrared Ektachrome Images Judged
Optimum for Discrimination of Each Crop Type in the Mesa Test Site

Number Correct responses Commission errors
Crop type and interpreter No. of Image date
fields Number  Percent Number  Percent
Barley oo 35 Apr. 23, May 21
gy 30 86 15 33
2 e e 17 49 1 5
3 e m e mm e mmmmm e 15 43 0 0
4 e 31 89 1 3
N (i 66 ... 15
Alfalfa. el 41 May 21, Sept. 30
B USSR 36 88 9 20
2 e e 33 81 5 14
2 U SO U USROS 15 37 5 25
B e et ceemmmeaa 31 76 2 6
AVErage. e e et e e eemcemmcmm—mmm—e—aoa 70 oo 16
Sugar beets. - oo .. 7 May 21, Sept. 30
1 e e mmmcccmmc——mas 2 28 4 67
2 e e 3 42 3 50
3 e 1 14 1 50
e e meemccm—eeo-- 3 42 3 50
AVErage o e mm e cmec e 32 . 55
Cotton . _ o e 19 Mar. 12, Sept. 30
1 e eceiememem—m——en 11 58 1 8
2 e e e e 17 90 1 5
K JO U IR EP PR 17 90 3 15
A e e eeccecmcceea- 19 100 2 9
AVETage . e eemeeeeee 84 ... 10
Miloo e e el 14 Sept. 30
UL U PEO RO 8 57 9 53
2 e e 7 50 1 12
B o e e 7 50 4 36
4 e 4 29 3 43
AVErage e ———— 46 e 39

sulting from the effects of soil texture, alkalinity,
and fertility on crop growth. The effects of soil
condition are usually quite evident because they
produce characteristic patterns, are often extensive
in area covered (can be resolved on small-scale
photographs), and frequently cause distinct reduc-
tion in plant growth.

In Color Plate 9, nearly all the dark-red fields
in (a) are citrus groves planted northeast of Mesa
because of the region’s favorable climatic regime.
The meandering channel of the Salt River can be

seen cutting across the upper-left portion of the
photograph. Many orchards have been planted on
the land adjoining the Salt River that was once
part of the river channel. Old river meanders can
be detected by recognizing the braided pattern that
appears within certain orchards where tree growth
is drastically reduced or where gaps occur. The
arrow on the photograph in Color Plate 9(a) indi-
cates the area where this condition is common.
Low fertility of the gravelly soils of this area that
affect tree growth can be contrasted with the more



loamy soils in the lower part of this same photo-
graph where orchard and crop growth is normal
and this meander pattern does not occur.

The influence of soil type and landform on agri-
cultural development can also be seen in Color
Plate 9(b). The area imaged here is along the Gila
River 20 mi west of Phoenix. The soils there con-
sist of alluvial material washed down from the

White Tank Mountains (off photograph at bot-.

tom). The stream channels that carry this alluvial
material to the Gila River extend from the White
Tank Mountains to the Gila River (top) and are
evident on the photo. These channels can be seen
both in the lower portion of the photo where they
cut across wildland, and in the portion adjoining
the Gila River where their pattern persists in agri-
cultural land and is most apparent in bare culti-
vated fields. Three distinct soil-type boundaries
can also be delineated on this photograph. They
have been indicated in Color Plate 12 and the
following soils of three associations are distinguish-
able: (1) old alluvial soils (Laveen-Whitlock
Associations), highly calcareous, moderately coarse
to medium textured (light-toned bare fields) ; (2)
recent alluvial soils (Gila-Pima-Avondale Associa-
tions), moderately coarse to moderately fine tex-
tured (dark-toned bare fields) ; and (3) sandy to
very gravelly river channel material (Arizo-Brazito-
Vinton Associations). Further information re-
garding these soil types appears on the Soil Map of
Central Maricopa County prepared by the Soil
Conservation Service. The leaching of alkali ac-
cumulations was necessary in much of this area so
that the land could be successfully farmed. A few
fields at 4 on Color Plate 9(b) have not been
reclaimed and show the effects of alkali accumula-
tion.

High-altitude aerial photographs of the type
studied in this report should be quite useful for
determination on a regional basis of areas of low
soil fertility as well as those areas that can be re-
claimed and successfully tilled. Soil mapping on a
regional basis could be undertaken in such a way
that the relation of broad units of different soil
type to each other might better be understood.

WILDLAND VEGETATION

The primary use of the wildland that surrounds
Phoenix (see Color Plate 2) is for grazing by
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domestic and wild animals. The Bureau of Land
Management and the Forest Service are the pri-
mary custodians of these lands. The native range
vegetation consists of two basic types: the semi-
desert shrub type that occupies the alluvial plains
to the north and southwest of Phoenix, and the
chaparral type in the upland mountains to the
north of Phoenix.

Within the semidesert shrub area the annual
rainfall is low, the temperatures are high, and
palatable forage production is poor. The shrubs
that dominate these ranges are woody and provide
little forage of value. Grazing is seasonal, occurring
mainly in the early spring when annual grasses and
weeds are present and in a green stage of develop-
ment.

Chaparral ranges are located at higher elevation,
and receive more rainfall. Considerably more of the
chaparral shrub species are palatable, and the
forage value of such ranges can be improved still
further, either by removing some of the chaparral
by fire or by mechanically clearing the area, and
then seeding it to perennial grasses that will pro-
vide good grazing in the late-spring and summer
season.

Our analysis of the wildland vegetation in this
area as imaged on Infrared Ektachrome space pho-
tographs obtained by Apollo 9 confirms the useful-
ness of space photographs as a basis for mapping
broad vegetation types. The two broad vegetation
types of interest in the Phoenix area (semidesert
shrub and chaparral) can be readily mapped be-
cause of their close association with recognizable
landforms (alluvial plains and upland mountains,
respectively), and their color signatures.

Frequently, more detailed information concern-
ing the native range plants is desired (e.g., species
composition, percent plant cover, density, distribu-
tion, and amount of forage material available).
Because of the relatively low resolution of space
photographs, they do not lend themselves to the
direct extraction of this information. There is great
promise, however, that information regarding im-
portant vegetation parameters can be obtained in-
directly from the interpretation of space photo-
graphs by exploiting the “convergence of evidence,”
one example of which will now be given.

The diagram in figure 3-23 shows the close cor-
respondence that exists in the sernidesert shrub re-
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gion around Phoenix, between landform, vegetation
type, rock and soil type, and availability of sub-
surface water. Exploiting this relationship to the
fullest, a photointerpreter can, for example, easily
identify upland eroding mountains on a space
photo or high-altitude aerial photo (Color Plate
10) and infer from this that soils, if present, are
shallow and rocky; that the vegetation is sparse
and for the most part unpalatable to livestock and
game animals; and that subsurface water cannot
usually be found. Using these same photographs, the
interpreter can likewise readily detect and identify
bajadas (coalesced alluvial fans). This knowledge
then leads him to assume correctly that there is
more vegetation (some of which is usable as
forage) and more soil development, but only
slightly more subsurface water than is found in the
eroding upland mountains. Finally, in the bottom-
land areas (adjacent to large stream or river chan-
nels) the interpreter might expect to find both
surface and subsurface water, a distinctive variety
of hydrophytes (water-loving plants, many of which
are palatable), and fine-textured soil that may be
high in salt content.

In this instance, as in several others, the follow-
ing important conclusion is indicated: even though
there is not sufficient detail on space photographs
to discern directly wildland vegetation parameters
and soil conditions, these and many other attributes
that relate to the potential productivity of the land-
scape can be inferred through the convergence-of-
evidence principle, keying on those features that
are discernible, namely, the landforms.

Native plants, like agricultural crops, progress
through characteristic growth stages in response to
favorable environmental conditions. Unlike agri-
cultural crops, the wild vegetation must gear its
development to the seasons when natural environ-
mental factors (temperature, rainfall, etc.) are

-
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favorable. The time of growth and the length of
the growing season of natural vegetation are not
as predictable as those for crops. Nevertheless, these
changes occur and valuable information can ac-
crue through their detection, thereby facilitating
the analysis of various wildland resources.

The chaparral vegetation that lies along the
alluvial plains between Phoenix and the mountains
to the north can be seen on the Infrared Ekta-
chrome space photograph in Color Plate 11. On
that photograph one can readily observe the varia-
tion in red, pink, and gray colors that characterize
certain portions of the area. These rangelands are
not considered highly productive in terms of the
number of grazing animals that can be sustained,
but, as in more productive areas, there is a high
correlation here between the color response of the
space photograph, area by area, and the amount of
healthy vegetation on the ground at a particular
season.

On the space photograph, the rangelands that
had a conspicuous reddish color in March 1969
supported a dense cover of annual grasses and
forbs (foxtail chess, Bromus rubens, is a dominant
species). The annual plants germinate, develop,
and mature in response to the amount and distri-
bution of precipitation and temperature. Because
the annual plants were nearly at a peak stage of
growth when the space photo was taken, one can
readily identify the areas in which they are found.
In contrast to the reddish areas that had the
greatest volume of healthy plants, the gray areas
{(without red or pink) had the least healthy vegeta-
tion at the time the photograph was taken. This
last point is worth further amplification because in
any given region, physiographic variations (eleva-
tion, slopes, and aspects) create small environ-
mental changes that cause plants of the same
species to develop at slightly different times. Hence,

Frcure 3-23.—The diagram below the photographs, from Benson and Darrow (1954), indi-
cates the close association between vegetation types, landforms, and soil conditions that
exists throughout much of the arid southwestern United States. It has been documented
that many of the major plant species associated with the various landforms, as shown in
the diagram, also occur on the corresponding landforms that appear in the area seen in
Color Plates 10 and 12. The photographs above were taken on the ground at the indicated
profile positions. The species that appear in these photographs are the same as those
described in the text. The significance of this relationship of vegetation and landforms is
apparent when interpreting space photographs, such as the one in Color Plate 10, where
the vegetative detail is lacking, but the landforms are conspicuous.
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when our interpretations suggest that an area has
a lesser amount of vegetation, it should be remem-
bered that this condition may exist only at that
particular time, either because the vegetation has
already developed and died, or because it is late
in developing and is not yet manifest on the photo.
Thus we need sequentially obtained images to
improve the validity of our analysis of time-variant
phenomena.

The aerial photo (part of a high-altitude pan-
oramic photograph) in the lower left of Color Plate
11 shows the same area as that in the rectangle out-
lined on the space photo and was taken on the
same date. The correspondence between the red-
dish color and the amount of healthy vegetation oc-
cupying specific range sites can be readily seen. Note
the area that has considerably less vegetation in the
upper-right corner of the aerial photograph (see
A4 on March 12 aerial photograph, Color Plate 11).
This may be related to differences in soil type or
associated with surface erosion. Notice also that
cultural features such as canals, roads, small erosion
scars, and drainage channels are seen in greater
details, but that interpretations of the amount and
distribution of vegetation are made as well on the
space photograph.

The lower-right aerial photo in Color Plate 11
shows essentially the same area as the one on the
left, but was taken on April 23, 1969. The absence
of the conspicuous red areas where they had existed
earlier in March indicates that the annual plants
had completed their short life cycle and died. Se-
quential viewing of such an area can provide infor-
mation as to when the annual crop begins to
develop, when it is at an optimum growth stage
for grazing (a condition known as “range readi-
ness”), how long the crop remains green, and the
distribution of the crop within a large range area.
In this manner, grazing activities can be more
efficiently synchronized within a region to utilize
the available forage resources more fully. Note on
the aerial photograph taken in April that the
density of perennial plants is not high enough to
indicate the amount of this vegetation. Also note
that soil-type differences are not as readily detected.

Color Plate 12 shows another sequence of aerial
photographs. These were taken along the Gila
River just south of Phoenix, and cover the same
area seen in Color Plate 10. They illustrate how

changes in the phenology of certain plants can give
clues to the physical characteristics of an environ-
ment. For example, one can see three conspicuous
terrain types within the river-channel environment.
They are characterized in the March 12 photo as
follows: Light-gray areas (A) contain the highest
concentrations of salt and support the least vege-
tative material, consisting of only the most salt-
tolerant species; pink-red areas (B) indicate a
cover of annual plants (grasses and forbs) on a
site also high in salt content. The difference be-
tween the light-gray and the pink-red areas is
attributed to the dense cover of annual plants in
(B) . That annual plants are better able to grow in
area (B) indicates a lower salt content and per-
haps differences in soil texture. Notice that areas
(4) and (B) are best differentiated on the March
photograph, but the distinction between these two
areas is lost or easily overlooked at subsequent
dates. Conspicuous dark areas (C) are stands of
mesquite and tamarisk. Their presence indicates a
subsurface ground water supply. Note that on the
April photograph both species appear red because
both have leafed out. The individual species can-
not be differentiated at this date. On the August
photograph, however, the tamarisk is still in leaf
and appears red, whereas the mesquite has begun
to lose its leaves and appears dark gray again.
Tamarisk forms dense stands immediately adjacent
to the stream channels that flow intermittently
during the year. Mesquite tends to grow in more
open stands, farther back from the immediate
vicinity of the stream channels. The significance of
being able to identify water-loving species and to
determine when they are in or out of leaf is related
to the tremendous quantity of water loss (due to
transpiration) by such species. Thus, in such areas,
the presence of abundant subsurface water can be
inferred; and judicious removal of such species,
without disturbing the stability of the stream chan-
nel, can reduce the loss of water by transpiration.

Plants that indicate the level of salt in the soil
are also very important when reclamation of land
for agricultural development is considered. Note
in Color Plate 12 that a few farmers have tried to
cultivate land adjacent to the river bottomland.
Some farmers apparently were successful, whereas
others abandoned the effort because of the high
salt concentrations.



THE GEOLOGIC AND
HYDROLOGIC RESOURCES

In connection with the S065 experiment, FRSL
was asked to evaluate all Earth resources (includ-
ing geologic and hydrologic resources) in the area
centered around Phoenix, Ariz., which was covered
by the S065 photography. This section summarizes
the geologic and hydrologic evaluations completed
to date in response to that request. The primary
responsibility for evaluating geologic and hydro-
logic resources rests, however, with the U.S. De-
partment of Interior Geological Survey; persons
interested in evaluations of geological and hydro-
logical resources should consult the work done by
the U.S. Geological Survey and Dr. Paul Lowman
of NASA, principal investigator for the S065 ex-
periment.

Geology
Apollo 9 Photography

Because the scale and resolution of the Apollo
9 photography are significantly different from con-
ventional photography, the Gila Bend region of
Arizona was selected as an area with which to
familiarize the interpreter with the special aspects
of geologic and geomorphic features as seen on
Earth orbital photography. Only after such
familiarization could efforts be made to determine
the interpretability of geologic and geomorphic
features on Apollo 9 photos of other areas.

During this familiarization study it became ap-
parent that the photogeologist must pay attention
to subtle differences in image characteristics of
various geologic features when interpreting and
evaluating orbital photography of such small scale.
By means of a geologic overlay of the Gila Bend
region, using the Arizona Bureau of Mines Geo-
logic Map of Maricopa County as reference,
geologic features found in this area were studied
as to their image characteristics on Infrared Ekta-
chrome photography (Color Plate 13).

The Gila Bend area contains a variety of rock
types, including volcanic, intrusive igneous, meta-
morphic, and sedimentary rocks. Much of the area,
however, is covered with unconsolidated quaternary
alluvium, and the various rock types occur as bed-
rock islands within this alluvium. Lithologic dis-
tinctions within the bedrock areas can sometimes
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be made on the space photos using tonal and tex-
tural differences. For example, andesite in this
area appears reddish-brown in color on the In-
frared Ektachrome print and has a highly dissected
topography which appears as low angular hills. As
seen on Color Plate 13, these image characteristics
contrast with the darker tones of the basalt where
it is not masked by vegetation. It will also be
noticed that the basalt is less eroded than the
andesite and forms longer, higher ridges or isolated
hills, or occurs as extensive flat areas. (Low-altitude
oblique photos showing ground conditions in this
area are seen on Color Plate 14.) The granitic rock
appears light in tone and differs in topographic
form (generally forming long, thin, acutely branch-
ing ridges) from the volcanic rocks present.
Granitic gneiss, however, cannot be easily differen-
tiated from the granite because both exhibit a
similar photographic tone and topographic form
at this scale. Despite the tonal and topographic
differences exhibited by the various rock types on
these space photographs, boundaries between
lithologic units are not always distinct.

Using experience gained from the study of the
Gila Bend area, follow-on studies were made in the
Roosevelt-San Carlos area east of Phoenix (fig.
3-24). These studies were carried out to test the
degree of success obtainable in geologic mapping
from orbital photography at the scale (1/3 000-
000) and resolution (250 ft) presently available.
For purposes of this test, the Apollo 9 photography
was enlarged to a scale of 1/250 000. The relative
usefulness of the various film-filter combinations
used in the S065 experiment was also tested.

The area between Roosevelt and San Carlos
Reservoirs was chosen for geologic mapping be-
cause it appeared to have a variety of geologic fea-
tures that could be mapped from the space photos.
Also, the geology of the region was totally unknown
to the interpreter at the beginning of the study,
and thus it was a good area for objective study.
The area had been covered by high-quality S065
photographs, which included Infrared Ektachrome
and three black-and-white bands (Pan-25A, Pan-
58, and IR-89B). However, because only 5 to 10
percent forward lap was obtained, stereo coverage
was inadequate. Conventional Ektachrome photog-
raphy of this area was not obtained on the Apollo
9 mission.
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Legend

G Globe

GB Gila Bend
M Mesa

P Phoenix

R Roosevelt Reservoir

SC San Carlos Reservoir

Ficure 3-24.—Photomosaic compiled from black-and-white prints of Infrared Ektachrome
Apollo 9 photographs of the Phoenix area showing the areas for which the geologic evalua-
tion was carried out. The boxes indicate the areas shown in Color Plates 13, 15(a), and

15(b).

Ground information in the form of existing geo-
logic maps is available for the area. However, with
the aid of experience gained from the study of the
Gila Bend area, the Roosevelt-San Carlos area was
initially interpreted without reference to ground
data.

Portions of the original 70-mm transparency were
enlarged and made into 8- by 10-in. prints (ap-
proximately 10 times the original scale) and into
2V4- by 3%-in. transparencies (approximately three
times the original scale) for the purposes of the
study. The features delineated consisted of homo-
geneous tonal, textural, and topographic units that
were discernible on the photos. A separate photo
map was made for each film-filter combination.
After delineation of the geologic units in the desig-
nated area was completed on all the film-filter
combinations, the maps were compared with the
existing geologic maps of the area.

An example of the results of this study can be

seen in figure 3-25 and Color Plate 15(a). These
figures show a part of the study area (with photo-
delineations for the different film-filter combina-
tions) as well as the ground data for the area. As
can be seen, there is a good deal of discrepancy be-
tween the maps derived from the interpretation of
the space photos and the ground data. Most easily
delineated were areas of recent alluvium. This was
true for all of the film-filter combinations. Tailings
and tailing pond areas around active mining and
processing centers such as Miami, Superior, and
Sonora could also be easily delineated on all but
the black-and-white infrared photography taken
with an 89B filter. The tailing ponds and tailings
which register as light gray to white on the black-
and-white photography were most
delineated on the Infrared Ektachrome photo
where they registered as a light-blue tone that
made it easy to distinguish them from clouds and
small snow patches.

accurately



In areas of bedrock, the lithologic type most
readily identified was quaternary basalt in the form
of flows. The large area of quaternary basalt north-
east of San Carlos Reservoir (fig. 3-24) was accu-
rately identified on all of the film-filter combina-
tions. Smaller areas of basalt were not recognized
as such on any but the Infrared Ektachrome photo-
graphs. The large volcanic area southwest of
Superior was identified correctly on the Pan-25A
and Infrared FEktachrome space photographs,
whereas on the Pan-58 and the IR-89B photo-
graphs there was ambiguity as to whether the area
was occupied by volcanic or metamorphic rock
types. A large intrusive igneous (granite) area
north of Apache Reservoir was correctly identified
in the Four Peaks region; however, the full extent
of its boundaries was not correctly delineated on
any of the photos. A large area south of Miami
which was interpreted as intrusive igneous rock is
part granite and part schist. The area identified as
instrusive igneous rock north of Superior is actually
schist. Thus, there was a question about what was
intrusive igneous rock and what was schist (meta-
morphic rock) in this area. Part of this problem may
be eliminated by further training of the interpreter.
A large area east of Sonora was correctly identified
as sedimentary rock from the expression of bedding
in the topography; however, it was impossible to
identify smaller areas of sedimentary rock where
bedding was not sufficiently resolved.

Many boundaries could be delineated in part by
tonal variations such as the light, elongate area
south of Roosevelt Reservoir, but such areas could
not be identified as to lithologic type at this scale.

There are some interesting tonal variations
within the quaternary deposits just rorth of San
Carlos Reservoir (fig. 3-24) which in places cor-
relate with lake deposits in that area. Other tonal
variations within the alluvium of that area cannot
be immediately evaluated without extensive field
work. Many of the tonal variations are definitely
related to variations in vegetation associations. Per-
haps some of these vegetation associations can be
correlated with specific geologic conditions. Thus
there is need for further research to test the value
of these space photos for the study of quaternary
geologic processes and environments.

In summary, the Infrared Ektachrome photos
were the most interpretable for discriminating
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geologic features by virtue of the distinguishable
color differences. Of the three types of black-and-
white photography, Pan-25A proved to be the most
useful. Since most geologic interpretations were
made on the basis of topographic expression of any
particular geologic condition, the wider range of
tonal contrast of the Pan-25A photos as compared
with the other black-and-white photos made them
the most easily interpreted. Geologic features had
the lowest range of tonal contrast on the Pan-58
photos. These were the hardest to work with, partly
because they were underexposed.

Infrared-89B photos were intermediate in tonal
contrast between the Pan-25A and Pan-58 photos.
However, the IR-89B photographs appeared to
have higher resolution than the other film-filter
combinations. This may in part have been due to
techniques used in the reproduction of the second-
generation copies of the original transparencies.

The study of geologic features in the geologically
complex area east of Phoenix suggests that for a
geologist with only moderate interpretation experi-
ence, satellite photography having a scale of
1:3 000 000 and a resolution of approximately 250
ft is adequate for only gross delineations of large
lithologic units and relatively large simple struc-
tures. Studies of Apollo 6 photos of Texas by more
experienced photogeologists (Amsbury, 1969) sup-
port the same findings:

Many formation boundaries shown on the geologic

map of Texas (1933) with a scale of 1:2,000,000

cannot be seen on the Apollo 6 photographs; and
many faults shown on the Dallas quadrangle map

(1968) with a scale of 1:250,000, cannot be seen.

In more complex areas such as near El Paso, little

information about the bedrock geology can be ob-

tained from the photographs. A resolution of 100

feet to 100 meters is evidently not sufficient for

geological study at a scale of 1:2,000,000 much less
at a scale of 1:250,000. . ..

However, in areas of less-complicated geology
than the test area, a higher degree of success could
be expected, based on findings in the Gila Bend
area. In areas of recent sedimentation, such as the
vast areas of valley fill and in the larger stream
channels, definite tonal variations could be seen on
the photographs that might relate to variations in
the sedimentation process and environment. Thus,
space photographs of this scale and resolution
might be more useful for studying contemporary
processes such as in the quaternary deposits.
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Legend
Areas (circled letters):
A Apache Reservoir
F Four Peaks
M Miami
R Roosevelt Reservoir
So Sonora
Su Superior
T Tailings and tailing ponds
Faults: —X-X-X—
Rock Types:
Volcanic: V
An Andesite
B Basalt
D Dacite
Intrusive Igneous: I
Gr Granite
Metamorphic: M
Sch Schist
Sedimentary: S
Al Alluvium

Ficure 3-25.-—An example of geologic mapping on
Apollo 9 photos in part of the Roosevelt-San Carlos
study area. Photographs 4, Pan-58; B, IR-89B; and C,
Pan-25A show the interpretations for the three bands of
S065. Photo D is a black-and-white print of the In-
frared Ektachrome with ground data delineations.
Dotted lines indicate ambiguity in the delineations.
Question marks within delineated units indicate that
although the unit was delineated, the interpreter was
unable to identify its lithologic type. See text for a
fuller discussion of the results. (For interpretation of
the Infrared Ektachrome photograph, see Color Plate
15(a).)

High-Altitude Photography

As a sequel to this study of space photography,
an evaluation of high-altitude aerial photography
was undertaken to ascertain the amount of added
information that could be extracted from this type
of imagery with its larger scale and higher resolu-
tion. The area of study was covered by both the
high-altitude aerial photography and a portion of
the Apollo 9 imagery, so that a comparison of the
two types of imagery could be made.

The study area is a northeast-southwest-oriented
strip over Aravaipa Canyon and the eastern end
of San Carlos Reservoir (Color Plate 15(b)).
Imagery of this area taken from an altitude of
about 70 000 ft with 35-mm Nikon cameras having
focal lengths of 21 mm was available in three
black-and-white bands (Pan-25A, Pan-58, and IR-
89B) and in Infrared Ektachrome. With approxi-
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mately 70 percent forward lap between the photo-
graphs, there is good stereo coverage of the study
area by the high-altitude photography. Based on
findings from the Apollo 9 study, which showed
Infrared Ektachrome to be the most valuable of
the four types of imagery available for the extrac-
tion of geologic information, only this imagery was
used in evaluating the high-altitude photography.

The original intent was to determine whether
geologic interpretations could be facilitated by
using high-altitude photos taken on two or more
dates. While most geologic environments themselves
do not change appreciably in a short time, it may
be useful to monitor, at least through one season,
changes in other factors such as vegetation that
contribute to the interpretation of geologic features.
At the least, the one best date to obtain high-
altitude photography for geologic evaluation of the
study area might have been determined. However,
of the five dates of photography available to the
interpreter for this area (July 15, August 5, Au-
gust 29, September 30, and November 4, 1969),
only the September 30 photography could be used
in the study. The other dates were not suitable be-
cause of heavy cloud cover or (in most. cases) im-
proper exposure. For this reason no geologic evalu-
ations of the sequential aspects of the high-altitude
aerial photography could be undertaken. HyAc
(panoramic) photography of the area taken
simultaneously with the 35-mm photography, but
with a camera having a focal length of 12 in., was
received for only one of these dates (August 5).
The area was obscured by heavy clouds on that
date, so no HyAc photography was evaluated.

For purposes of the evaluation, duplicates of the
original 35-mm photography with an approximate
scale of 1:920 000 were enlarged to a variety of
scales to determine the most beneficial scale with
which to work. It was found, for work with a
stereoscope possessing 8 X and 2.5 X lenses, that
an 8 X enlargement of the 35-mm photography
was most suitable. Such an enlargement results in
an approximate scale of 1:114000. The 8 X en-
largement viewed under the 8 X lens of the
stereoscope gives a workable scale of 1:14 250.
During the interpretation, smaller-scale photo-
graphs were often referred to in order to inte‘rpret
large geologic features more easily. One of the
advantages of having small-scale, high-resolution
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photography of an area is that a variety of scales
can be derived from a single flight. Within the
limits of the available resolution, this leads to more
complete interpretation. Estimates of the vertical
exaggeration on these photos indicate that it is
approximately 2 X.

Ground information was obtained from the
1:500 000 scale Geologic Map of Arizona. The in-
terpreter also had visited accessible areas in the
Aravaipa Canyon region and areas south of San
Carlos Reservoir.

Color Plate 16 and figure 3-26 show portions of
the study area which were selected to illustrate sig-
nificant features discernible from the high-altitude
photography. Figure 3-26 displays a sequence of
Tertiary silicic volcanic flows. Several individual
flows within the sequence can be distinguished on
the high-altitude photos. The volcanic beds form a
hummocky plateau that gently dips to the north-
west. Most of the volcanics in this area appear as
a light-pink tone on the Infrared Ektachrome
photos, but a few are darker and have a violet tone.
These dark beds are probably less silicic than the
lighter toned beds. The volcanics exhibit a medium-
to-coarse-textured, angular drainage pattern, and
are overlain in places by Tertiary-Quaternary sedi-
ments consisting of loosely consolidated gravel,
sand, and silt. Sharp, definite boundaries cannot be
drawn between the volcanics and the Tertiary-
Quaternary sediments because the two units have
similar tonal characteristics. However, a boundary
can be inferred from the analysis of the drainage
patterns. The drainage pattern in the sediments is
a fine-textured dendritic-pectinate (featherlike)
pattern, whereas the drainage pattern in the vol-
canics is a medium-to-coarse-textured angular
pattern. The boundary between the two units is
tentatively placed between the two different drain-
age patterns. Limited field observations in the area
indicate that the volcanics underlie the sediments
along Aravaipa Canyon. The narrowness of the
canyon and the steepness of its walls indicate this
as a possibility.

The area shown in Color Plate 16 contains an
isolated asymmetric syncline in sedimentary and
volcanic rocks. Disparities in degree and direction
of dip of discernible beds south of the synclinal
structure indicate the presence of two major faults
or unconformities. North of the syncline, several

light-toned beds within the Tertiary volcanics are
also visible and can be used as marker beds in the
delineation of structure. Offsets and disruptions
within these beds show the presence of another
fault. Several linear features cutting across the axis
of the fold and possibly related to fracturing or
faulting can also be delineated on the high-altitude
photography.

Compare the high-altitude photographs in Color
Plate 16 and figure 3-26 with the Apollo 9 satellite
photograph in Color Plate 15(b). The individual
gently dipping flows visible on the high-altitude
photograph in figure 3-26 cannot be separated on
the Apollo photograph, but even more important,
the lithologic identification is much more in doubt
on the lower resolution satellite photos. However,
when moderately tilted volcanics occur in conjunc-
tion with tilted consolidated sedimentary rocks, the
two rock types cannot be separated on the high-
altitude photo either. Also, a fault west of Aravaipa
shows equally well on both the Apollo 9 and the
high-altitude imagery. On the Apollo 9 imagery in
the region of the syncline, a fold structure is
vaguely indicated; however, it is not définite. Part
of the problem on the Apollo 9 photograph is that
scattered clouds had obscured the picture in a
crucial area. However, if the Apollo photo were un-
obscured, the nature of the fold, i.e., whether it was
an anticline or a syncline, still could not be deter-
mined. The high-altitude photo, on the other hand,
clearly shows the presence of a fold; and since in-
dividual beds can be resolved and their direction of
dip determined, it can be established that the fold
is a syncline. The linear features that cut across the
axis of the syncline and are possibly related to frac-
turing or faulting are not clearly visible on the
Apollo 9 photograph. Of course, the Apollo photo-
graphs do not provide stereo coverage for this area,
and one would expect to gain more information
from them if stereo coverage were available. How-
ever, it is felt that high-altitude photographs offer
the interpreter more information than can reason-
ably be expected from satellite pictures of this reso-
lution even with stereo coverage.

In conclusion, high-altitude photographs can
provide an adequate means of performing recon-
naissance-type geologic mapping projects. The de-
gree of success will vary, of course, depending on
the complexity of the geologic situation, the density
of vegetation cover, and other variable local condi-
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Legend o™ Q“
A Aravaipa (a town southeast of 3\{3 <
Phoenix) 6\)"?\0\0
AC Aravaipa Canyon GQ‘O o
QTs Quaternary-Tertiary sediments Q‘\Ot's‘
Tv Tertiary volcanics

Unit boundaries
F-—-F Fault indication

Numeric subscripts indicate individually
discernible units

Fioure 3-26.—This high-altitude stereo pair contains a sequence of volcanics that form a
hummocky plateau (Tv). The high resolution of the photography makes it possible to
delineate several of the individual flows within the sequence. This cannot be done on the
Apollo 9 photograph seen in Color Plate 15(b). Bordering the volcanics are loosely con-
solidated Quaternary-Tertiary sediments. These sediments have tonal characteristics
similar to the volcanics and so can only be differentiated from the volcanics by drainage
pattern analysis. See text for a fuller explanation.

tions. The combination of small-scale and relatively =~ graphs offers added details needed for making
high resolution offers greater flexibility than is pres-  geologic interpretations with acceptable confidence
ently available with satellite photography. The rela- levels. Higher resolution also means that a wider
tively higher resolution of high-altitude photo-  variety of scales is available to the interpreter, thus
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offering the photogeologist the benefits of small-
scale (synoptic view) photography, as well as me-
dium scales for more detailed work. Certainly for
very detailed geologic mapping, the use of large-
scale, low-altitude photography, coupled with ade-
quate fieldwork, still constitutes the preferred
method. However, for the rapid reconnaissance of
geologic resources, high-altitude photography is
much better than the space photographs obtained
by the Apollo 9 astronauts.

Hydrology

In many areas of the West the bulk of the annual
runoff occurs in the spring and summer months
with the melting of the winter snowpack from the
high mountainous reaches of a drainage basin. It
is desirable and often quite necessary to estimate
the amount of seasonal runoff that is to be expected
from a given drainage basin to plan for flood-
control measures, irrigation needs, and other water-
use requirements. Users with low-priority water
rights find this kind of information vital to the
planning of their activities. In areas where time
and funds are not available for an extensive snow
survey, it may be feasible to use space photography
coupled with a limited on-the-ground sampling
program to survey the season’s snowpack and arrive
at a usable estimate of the expected seasonal run-
off. With the present state of the art, space photog-
raphy would be used primarily to delineate snow-
covered areas (fig. 3-27) and, through a compara-
tive analysis of sequential space photographs, to
monitor the rate of snow accumulation and snow
melt. Depth and water content of the snow would
be measured on the ground, but only at a few
spots selected from a study of the space photo-
graphs.

To test the feasibility of using space photography
to trace out drainage basins and thus assign each
part of the snowpack to its receiving reservoir, the
snowpack of the Four Peaks area in the Mazatzal
Mountains, northeast of Phoenix, was selected for
study. From interpretation of the space photo-
graph, and without the aid of existing topographic
maps, the snowpack was sectioned off in terms of
the reservoir into which its melt waters would
drain. Such information lends itself to efficient
planning of water storage and release from each
reservoir in a water-control system. The same de-
lineations were made on the 1:250 000-scale topo-

graphic map of the area to check the accuracy of
the delineations made totally on the photos. The
results of this work can be seen in figure 3-27. The
hatched areas indicate the portions of the drainage
basin over which no melt water will drain. As can
be seen by comparing the Apollo photograph with
the topographic map, there is a discrepany between
them as to the area over which no melt water will
drain to the Saguaro Lake Reservoir and the
Apache Lake Reservoir. The proportioning of the
snowpack on the two photographs agrees fairly
well, however. More reliable delineations could
possibly be made with increased resolution plus
adequate stereo coverage; however, this aspect of
the study will have to wait until suitable imagery
is available.

LAND-USE PATTERNS AND
CULTURAL DEVELOPMENTS

Although the wildland and agricultural resources
were given prime consideration in this study of the
Phoenix area, the potential of space photographs
for evaluating urban development, land-use pat-
terns and other cultural developments was also
recognized. Specifically, the large urban-industrial
area of Phoenix, and many of the smaller surround-
ing cities (Tempe, Mesa, Chandler, and Casa
Grande), are readily detected on Infrared Ekta-
chrome space photographs. (See Color Plates 2
and 3.) The unique color signature of urban areas
permits easy detection and determination of size.
Major asphalt thoroughfares also have a unique
appearance and can be seen in the towns of Phoe-
nix, Tempe, and Mesa. Within the boundary of
Phoenix, the number and distribution of parks,
golf courses, and other open or natural areas that
are vegetated can most readily be seen on the
Infrared Ektachrome space photos.

The IR-89B space photographs also show the
asphalt thoroughfares of downtown Phoenix,
Tempe, and Mesa. However, the urban areas and
their boundaries cannot easily be distinguished on
the IR-89B photographs. Dirt roads, airports, land
clearing for subdivision development, large farms,
and feedlots can be detected more readily on In-
frared Ektachrome, Pan-25A, and Pan-58 (in that
order), but these features are not easily detected
on the IR-89B space photos.

The benefits from obtaining a synoptic view of
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urban, agricultural, and wildland areas accrue from
the information that can be extracted for land-use
planning. Attention is directed to Color Plate 2
wherein the broad land-use categories have been
mapped from interpretation of the space photo-
graph. Note, for example, that land already under
cultivation is readily identifiable. Hence, the area
and distribution of major crop types can be
mapped, and the distances to a market center can
be computed. Likewise, wildland that could become
potentially productive agricultural land can be
mapped and the best transportation routes and
irrigation networks can be planned in advance.

Recreation planners can also use space photo-
graphs to locate potential recreation sites in wild-
land areas. Availability of water and distance from
population centers may be important factors in-
fluencing the decision to develop recreation areas.
This information can be obtained from interpreta-
tion of space photographs.

Information regarding water-supply needs, both
for domestic and agricultural use, can be obtained
from space photographs. Factors that can be eval-
uated pertaining to water-supply needs include the
following: size and distribution of urban areas and
agricultural land, distance from user to reservoir
and watershed, number of reservoirs, reservoir
levels, snowpack and distribution, and watershed
characteristics that affect water yield.

During the course of our studies at the agricul-
tural test site located just south of Mesa, Ariz., we
have observed wih interest the extension of sub-
urban development into prime agriculture land.
Even within the agricultural test site new housing
construction is underway, and the trend seems to
indicate that more and more of the agricultural
land will soon be converted for housing or mobile-
home sites. Sequentially obtained photographs
promise a means for monitoring the conversion of
agricultural land to suburban development. Infor-
mation derived in this manner will benefit munici-
pal planners and utility companies in making ad-
vance plans for the extension of their services to
meet the needs of the expanding suburban areas.

Prof. Duane Marble of Northwestern University
is now making detailed studies of the extent to
which urban-area analysis and land-use studies can
be made on the Apollo 9 and associated high-
altitude photographs of Phoenix and environs.

SUMMARY AND CONCLUSIONS

Earth resources in and around Phoenix, Ariz.,
that have been studied on Apollo 9 photography
and sequential high-altitude photography include
the agricultural, range, geologic, hydrologic, and
cultural resources. The purpose of this study has
been to determine the usefulness and/or limita-
tions of such photography for evaluating and moni-
toring Earth resources.

Our analysis of agricultural resources of the
Phoenix area produced these results:

(1) The great value of the crop calendar con-
cept for describing patterns of crop sequence was
shown. The crop calendar that we devised for the
Phoenix area was used successfully to predict the
optimum dates for identification of the major crop
types in that area.

(2) Negative transmission values (i.e., values for
the transmission of light through photographic neg-
atives) were measured for representative fields in
the Mesa test site. Such values were used success-
fully in certain instances to predict cases in which
specific crop types might easily be discriminated on
the basis of their tone values on panchromatic
photographs.

(3) Multiband and multidate color composite
images prepared by optical and electronic systems
were compared. In some cases the identification of
a particular crop was facilitated through the inter-
pretation of a specific enhanced image.

(4) Agricultural studies determined that accept-
able estimates of crop area can be made from the
space photographs (in particular the Infrared
Ektachrome, Ektachrome, and Pan-25A photo-
graphs).

(5) Crop identification to an accuracy exceed-
ing 60 percent could rarely be made on the space
photographs obtained on March 12, 1969, mainly
because barley, mature alfalfa, wheat, and sugar
beets have similar spectral signatures in March,
making accurate discrimination difficult.

(6) The similarity of test results for crop identi-
fication using Apollo 9 space photographs and
high-altitude photographs taken simultaneously on
March 12, 1969, suggests that conclusions reached
from analysis of sequential high-altitude photo-
graphs should apply equally well to studies of space
photography obtained on a sequential basis. The
improved resolution of the high-altitude photo-



graphs was not sufficient to improve interpretation
results significantly.

(7) For each date of photography tested, higher
interpretation accuracies were obtained from In-
frared Ektachrome film than from Pan-25A film.

(8) The overall accuracies obtained from con-
current interpretation of March 12, April 23, and
May 21 Infrared Ektachrome photographs were
higher than from the separate interpretation of
photographs from each of these dates.

(9) Certain soil-type boundaries and the effect
on crop growth of certain soil conditions were easily
detected in high-altitude photographs. The poten-
tial for expanding studies of this type was indi-
cated.

Wildland vegetation resources were also eval-
uated on the space photographs, placing particular
emphasis upon the forage resource. Infrared Ekta-
chrome photographs proved to be the most useful
for this purpose, since broad native vegetation
types were readily discerned. The distribution and
density of annual forage were strikingly apparent
on the bajadas north of Phoenix because the forage
was at a peak (or near-peak) stage of foliage devel-
opment at the time of the Apollo 9 overflight. Al-
though the timing of the Apollo 9 flight was nearly
optimumn for discerning the annual forage, consid-
erably more information can be determined from
sequentially obtained photographs regarding “range
readiness” (when the range can be grazed without
damaging the plants) and total availability of the
forage resource throughout the various environ-
ments in the region. Finally, despite the low resolu-
tion of the space photographs, they are extremely
useful for stratifying the range landscape into units
of similar forage production. Subsampling using
ground techniques can then provide accurate esti-
mates of the carrying capacity of such rangelands.
The potential productivity of much of the wildland
area could also be determined from the space pho-
tographs by identifying the important landforms,
which are conspicuous on the space photographs,
and by understanding the nature of the vegetation,
soil, and hydrologic potential associated with these
landforms.

The potential for geologic mapping on space
photographs was explored in a complex area be-
tween Roosevelt Reservoir and San Carlos Reser-
voir, Also, an evaluation of high-altitude photog-
raphy for use in geologic reconnaissance was
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carried out in an area covered by Apollo 9 imagery.
The two evaluations were then compared. It was
found that because of the low resolution, small
scale, and lack of stereoscopic coverage of the
satellite photography, only gross delineations and
classifications of lithologic units could be made.
Young volcanics and alluvial material such as val-
ley fill could frequently be identified correctly.
Sedimentary units with topographic expression and
continuity of bedding features were identified cor-
rectly in many places. However, in most instances,
lithologic units, as registered on the satellite photo,
were too heterogeneous in topographic expression
and tone to be adequately mapped. Some of the
larger faults, with about 6 mi of linear topographic
expression, could be located.

On high-altitude photography, with its higher
resolution and larger scale, more structural infor-
mation could be extracted than from the satellite
photography. Delineation and classification of lith-
ologic units was also more accurate on the high-
altitude photography, although the increase in
lithologic information gained from using the high-
altitude photography was not as great as the in-
crease in structural infermation from the same
photography.

The prospects for delineating hydrologic units,
determining the distribution of snowpack, and
monitoring reservoir levels from an interpretation
of space photos were investigated, and very encour-
aging results were obtained. Hence, hydrologists
can anticipate deriving real benefits from space
photography when asked to predict water yield
from large drainage basins that draw the bulk of
their runoff from seasonal snowpacks.

The value of S065 photography for recognizing
urban and surburban features was noted. Applica-
tions for recreation planning and water-supply
forecasting were discussed. The potential for moni-
toring changes in land-use patterns was also investi-
gated using data from the Mesa agricultural test
site.
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(a) Aerial Ektachrome (conventional color film) hand-held Hasselblad photo taken
by the Apollo 9 astronauts from an altitude of 130 mi while over the Imperial Valley,
California. This film employs a three-dye emulsion for the blue, green, and red por-

tions of the electromagnetic spectrum.

(b) Infrared Ektachrome S065 photo of the Imperial Valley, taken by the Apollo 9
astronauts. This film employs a three-dye emulsion, exposing for the green, red, and

near-infrared portions of the electromagnetic spectrum.

Color Plate 17



Legend

A Alfalfa

B Barley, dense

Bi Barley, irregular
BS Bare soil

1 Uncultivated land
O  Onions

SB  Sugar beets

<— (a) Infrared Ektachrome aerial oblique photo taken over
the Imperial Valley on March 9, 1969, at the time of one
of the Apollo 9 overflights.

(b) Ten-diameter enlargement of the Infrared Ektachrome
S065 photo showing a portion of the Imperial Valley just
north of the California-Mexico border. The location of El
Centro, Calif., and Mexicali, Mexico, is indicated. The area
used for interpreta<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>